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ABSTRACT
Epitaxial strain has been widely used to modify the crystal and domain structure, and ulti-
mately the dielectric, ferroelectric, and pyroelectric responses of ferroelectric thin-films for a wide 
variety of applications including memories, transducers, energy harvesters, sensors, and many 
more. Traditionally, the ability to engineer materials using epitaxial strain has been confined to a 
limited range of materials systems which are closely lattice matched to commercially available sub-
strates. In turn, considering the PbZr1-xTixO3 system, a model ferroelectric, study of strain effects 
has been primarily limited to the Ti-rich variants where a wealth of closely lattice matched sub-
strates (~±1%) exists, enabling nearly-coherently-strained films to be obtained. While these studies 
have generated a wealth of knowledge on the basic effects of epitaxial strain and have demonstrated 
the ability to enhance ferroelectric susceptibilities, these improvements have only been incremen-
tal. In the present work, we seek to expand the bounds of epitaxial strain engineering through 
the use of chemistry, controlled epitaxial strain (and relaxation), and compositional and strain 
gradients with the directive of generating phase competition and high-energy ferroelastic domain 
structures to enhance ferroelectric susceptibilities. We, for the first time, grow epitaxial thin films 
of PbZr1-xTixO3 across the compositional phase diagram, and show that the rate of strain relaxation 
is significantly enhanced at the morphotropic phase boundary (PbZr0.52Ti0.48O3), as the result of the 
high adaptability of the crystal and domain structure. Despite the appearance of nearly “relaxed” 
crystal structures, PbZr0.52Ti0.48O3 thin films were shown to exhibit significantly different dielec-
tric responses when grown on various substrates. Highlighting the more nuanced effects of partial 
strain relaxation in tuning ferroelectric susceptibilities. We then proceed to extend the bounds of 
epitaxial strain by growing compositionally-graded heterostructures which facilitates the retention 
of strains in excess of 3.5%, large strain gradients (~4.35x10-5 m-1), and has the ability to stabilize the 
tetragonal crystal and domain structure, in PbZr1-xTixO3 solid solutions that are rhombohedral in 
the bulk. Furthermore, we show that by varying the compositional-gradient form (in terms of the 
nature of the compositional gradient and heterostructure thickness) that it is possible to generate 
large built-in potentials, which significantly suppresses the dielectric response, but has minimal 
detrimental impact on the ferroelectric and pyroelectric susceptibilities, giving rise to dramatically 
enhanced pyroelectric figures of merit. Additionally, we show that the magnitude of the built-in 
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potential does not follow predictions based on the magnitude of the strain gradient alone, and 
instead, is enhanced by local strain gradients which occur when traversing chemistries associated 
with structural phase boundaries (where there are abrupt changes in the lattice parameter) and at/
near ferroelastic domain boundaries. Finally, we explore the nanoscale response of these ferroelas-
tic domains in compositionally-graded heterostructures using a combination of transmission elec-
tron microscopy-based nanobeam diffraction strain mapping and multi-dimensional band-exci-
tation switching spectroscopy. We observe that the presence of compositional and strain gradients 
can preferentially stabilize highly-energetic, needle-like domains, which under electrical excitation 
are highly labile in the out-of-plane direction (while remaining spatially fixed in the plane). These 
labile domain walls act like domain wall springs (enhancing the magnitude of the built-in poten-
tial), transferring elastic energy between the a and c domains (depending on the direction of the 
applied bias), and giving rise to locally enhanced piezoresponse at the a domains, as the result of a 
switching mechanism where the a domains expand towards the free surface or are nearly excluded 
from the film (once again, depending on the direction of applied bias). These studies demonstrate 
the efficacy of compositional and strain gradients as a new modality of strain engineering capable 
of significantly altering the crystal and domain structure, and ferroelectric susceptibilities of ferro-
electric thin films inconceivable in the absence of compositional/strain gradients. 
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1ChApTER 1 
FERROELECTRICITY: MATERIALS, 
STRUCTURES AND pROpERTIES
In this chapter, we provide a review of the history and basic concepts of ferroelectricity 
providing a general overview of the practical importance of these materials. We then briefly discuss 
the symmetry requirements and fundamental origins of ferroelectricity in bulk materials. This is 
followed by a discussion of the basic nature of ferroelectric response and the various electrical, me-
chanical and thermal susceptibilities which these materials exhibit. Armed with this knowledge, we 
explore the various routes that have been commonly employed to tune these materials, highlighting 
the effects of chemical pressure and epitaxial strain which are used extensively throughout this the-
sis. This naturally leads to a discussion of techniques used to fabricate, and the current capabilities 
and limitations of thin-film epitaxy. Finally, we discuss the basic implications of epitaxial strain and 
strain gradients on the crystal and domain structure, and ultimately the dielectric, ferroelectric, 
and pyroelectric responses of ferroelectric materials. The chapter concludes with a summary of the 
organization of the remainder of the thesis.
21.1 Introduction to Ferroelectrics
The observance of unique electromechanical responses including piezoelectric response 
[1, 2] and anomalous dielectric response [3] in Rochelle salts in the late 1800’s, sparked mankind’s 
interest in ferroic materials. Based on the early work on piezoelectricity, Peter Debye proposed 
that “certain interesting classes of molecules can carry a permanent electric dipole moment” anal-
ogous to a ferromagnet. This theory eventually lead to the development of a critical temperature 
analogous to the so-called Curie Temperature (Tc) in magnets, explaining the observed anomalous 
dielectric response in these materials [4].This strong perceived analogy between magnets and the 
nature of the electrical moment observed in Rochelle salt led Schördinger to coin a term “ferro-
elektrish” or ferroelectric for these materials [5], choosing to emphasize this analogy (through the 
inclusion of the prefix ferro- meaning iron) despite Rochelle salt (and most ferroelectric known to 
date) being free of iron. Even though coining the term ferroelectricity, these early experiment never 
actually proved ferroelectricity instead they only showed: 1) That a spontaneous polarization exists, 
2) that this spontaneous polarization is temperature dependent (i.e., pyroelectric), going to zero at 
the Tc , 3) that this transition at the Tc results in a dielectric anomaly, and 4) that the strain and the 
electrical polarization are linearly coupled (i.e., piezoelectric). 
The near stagnate early development of ferroelectric materials changed drastically following 
World War I, once it was realized that these materials had the potential to dramatically outperform 
quartz as piezoelectric transducers for underwater submarine detection. In turn, immediately fol-
lowing World War I, many seminal works on ferroelectricity were published. This work included 
the first studies which unequivocally proved ferroelectricity by demonstrating ferroelectric hyster-
esis with switchable polarization that is stable under zero bias, in Rochelle salt [6-8]. Even with this 
interest in ferroelectricity, both practically and scientifically, it was not until the 1935 that a second 
ferroelectric material potassium dihydrogen phosphate (KDP) was discovered [9, 10]. In actual 
devices, however, ferroelectricity was mostly a scientific curiosity as both Rochelle salt and KDP 
are hygroscopic and water soluble limiting their implementation. The major turning point came 
in the 1940 with the discovery of ferroelectricity in BaTiO3, a robust, stable ceramic material with 
a relatively simple perovskite structure [11].This discovery of a perovskite ferroelectric naturally 
motivated the examination and study of other perovskite compounds leading to the discovery of 
a wide variety of perovskite ferroelectrics with a range of useful properties [12-15]. To date, these 
3developments in ferroelectrics and in particular perovskite ferroelectric have been implemented 
in a many functional devices including: ultrasonic transducers [16], highly-tunable dielectrics [17, 
18], piezoelectric actuators [19-21], positive temperature coefficient resistors, [22, 23] etc.,. Look-
ing forward the future for ferroelectrics is bright. Integration of these materials into functional 
devices has started, and likely will continue to follow trends set by the semiconductor industry 
seeking routes to create miniaturized functional devices for pyroelectric [24-27] and piezoelectric 
sensors/energy harvesters [28-32], surface acoustic wave devices [33-35], micro actuators [28, 36, 
37], logic devices [38-41], and non-volatile random access memory [42-44], and among others. In 
this regard, there is a significant need and interest to understand how to manipulate and control the 
structure, properties, and modes of response in these materials. 
1.2 Crystal Structure and Classes
For ferroelectricity to exist it is a prerequisite that it belongs to the ferroelectric crystal class 
of materials. Of the 32 crystal classes that exist, 11 of these crystal classes have a center of symmetry 
(Figure 1.1a). Of the remaining 21 crystal classes, all but one possesses a polar axis and therefore 
are piezoelectric (Figure 1.1b). Piezoelectricity is characterized by two analogous effects. The di-
rect piezoelectric effect which is the linear coupling of a stress to the polarization and the converse 
piezoelectric effect which is the linear coupling of an applied field to the strain (Figure 1.1c). Of the 
class of piezoelectric materials only a very small subset of these materials exhibit piezoelectric re-
sponses of measurable magnitudes [45].Of these 20 remaining crystal classes, only 10 of these crys-
tal classes have a unique polar axis meaning they have the necessary conditions to be pyroelectric; 
and therefore, if they have a spontaneous polarization along a unique polar axes they will exhibit 
temperature dependent changes in the spontaneous polarization (Figure 1.1d). Finally, within the 
pyroelectric crystal class a small subset of these materials have an energy landscape with two (or 
more) symmetric and stable spontaneous polarization states below the Tc , which can be switched 
between these two states by the application of an electric field and therefore are ferroelectric (Fig-
ure 1.1e).
1.3 Origins of Ferroelectricity
From a phenomenological perspective ferroelectricity occurs when two key requirements 
are met. First, the material must undergo a structural distortion from the prototypical paraelectric 
4Figure 1.1.  Diagram showing materials hierarchy of the crystallographic classes. Diagram indicates the crystallo-
graphic classes whose symmetry can permit piezoelectricity, pyroelectricity and ferroelectricity. Included in this fi gure 
are schematic diagrams indicating the basic modes of response for the direct and converse piezoelectric eff ects and 
pyroelectricity.
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5phase (in perovskites the cubic phase) at Tc. Secondly, there must exist two or more equivalent 
structural distortions which the material can be switched between by the application of an electric 
fi eld. Th ese ferroelectric distortions are accompanied by a spontaneous strain (at the unit cell level) 
which generates charge asymmetry typically discussed of in terms of a spontaneous polarization 
(Ps). 
Perovskite ferroelectrics of the form ABX3 can be represented structurally by 8 corner shar-
ing A-site cations with six, face-sharing oxygen atoms and a central B-site cation inside an oxygen 
octahedron (Figure 1.2a). When the material is above its Tc the structure is cubic (Figure 2a); how-
ever, upon transitioning through the Tc the material undergoes a distortion producing a sponta-
neous polarization (Figure 1.2b). Here, we show a representative tetragonal distortion where the 
B-site cation displaces within the oxygen octahedra towards one of the oxygen atoms, producing a 
tetragonal distortion in the unit cell. Th is is just an example of one type of ferroelectric distortion 
and many other distortions are possible. Th e perovskite structure is extremely fl exible enabling the 
inclusion of a wide variety of A- and B- site cations with various valence states (i.e., A+1B+5O3, 
A+2B+4O3 and A+3B+3O3) and defect chemistries of up to a few percent [14].To highlight this fl exibil-
ity we include a periodic table illustrating the elements which can be incorporated into the per-
ovskite structure and which sites these elements can occupy (Figure 1.3).
Considering the atomic structure (under a hard atomic sphere model) all perovskite struc-
tures are centrosymmetric and therefore are incompatible with ferroelectricity. To explain this 
seeming contradiction requires the consideration of the atomic orbitals and their associated inter-
actions. While nearly every element of the periodic table can be included in the perovskite 
A
X
B
Paraelectric
T>Tca b T<Tc
Ferroelectric
c
Figure 1.2.  Schematic drawing of the (a) perovskite cubic parent phase above the Curie temperature. (b) Perovskite 
unit-cell exhibiting a typically tetragonal distortion occurring below the Curie temperature.
6structure 
Figure 1.3.  Periodic table showing the elements which can be incorporated into the perovskite structure and the 
various sites which they can be located within the structure.
only a very select few exhibit ferroelectricity. To begin with the perovskite phase is sus-
ceptible to octahedral rotations depending on the atomic radius of the A- and B- site cations. Th e 
resulting structure (including these octahedral rotations) can be predicted by calculating the Gold-
schmidt tolerance factor (equation 1.1) where Ro, Ra and Rb are the atomic radius of the oxygen, 
A-site and B-site cations respectively [46].
t R R
R R
a
b
=
+
+( )
0
02
(1.1)
Based on the calculation of the tolerance factor, if t > 1 the structure is hexagonal, if 0.9 < 
t < 1 the structure is cubic or tetragonal, and if 0.7 < t < 0.9 the structure undergoes octahedral 
rotations and is rhombohedral. While in some systems these octahedral rotations can give rise to 
ferroelectricity; in general, the weak coordination environment of the A-site cation in low tolerance 
factors perovskites results in A-site distortions which suppress ferroelectricity [47].Hence, most 
perovskites with low tolerance factors are not ferroelectric or are weakly ferroelectric.
A second stronger form of ferroelectric distortions can occur as the result of a symmetry 
breaking distortion of the B-site cation within the oxygen octahedra. B-site driven ferroelectricity 
results from an eff ect known as the  second order Jahn-Teller eff ect which occurs when mixing be-
tween the d orbitals of the B-site cation and oxygen 2p orbitals is geometrically allowed and results 
in the mixing of a non-degenerate ground state with a low lying excited state [48-50]. Th is mixing 
7of the atomic orbitals generates a distortion in the position of the B-site cation, ultimately giving 
rise to ferroelectricity. Hence, because of these spatial and orbital requirements B-site driven ferro-
electricity exists nearly exclusively in perovskites which have B-site cations with d0 formal charge, as 
the d-orbitals can readily mix with the oxygen 2p orbitals and the empty d shell results in a smaller 
atomic radius, minimizing coulombic repulsion as the B-site cation moves around within the ox-
ygen octahedron. BaTiO3 is the prototypical example of B-site driven ferroelectricity as the Ti 3d 
orbital hybridizes with the O 2p orbital while the Ba 5p orbital remains stereochemically inactive 
[51].While BaTiO3 is ferroelectric, it is only weakly ferroelectric having a Tc of ~120°C [52].On the 
other hand, PbZr1-xTixO3 is a more robust ferroelectric with Tc ranging between 235-490°C depend-
ing on the Zr:Ti ratio [53].This difference is the result of a secondary, and typically stronger A-site 
driven ferroelectric distortion [51, 54],where the Pb 6s orbital lone-pair electrons become localized 
by hybridizing with the O 2p orbitals, increasing the tetragonality of the unit cell and in turn, the 
distortion of the B-site cation. This unusually robust ferroelectricity observed in PbZr1-xTixO3 as a 
result of the contribution from the Pb 6s lone pair electrons is one of the contributing factors that 
has made PbZr1-xTixO3 one of the most widely studied prototypical ferroelectric systems.
1.4 Ferroelectric Switching
Since the ferroelectric distortion which produces ferroelectricity can exist in two, or more, 
equivalent states the energy landscape can be 
viewed as a multi-well potential which can be 
switched between states by application of an elec-
tric field. Experimentally proving ferroelectricity 
typically involves measuring a ferroelectric hystere-
sis loop (i.e., the polarization vs. electric field), pro-
viding insight into the switching process. Starting 
with a material, in its idealized equilibrium state 
with zero net macroscopic polarization (Figure 
1.4a) application of positive bias (to the bottom 
electrode) results in switching to the up-poled satu-
ration state (as long as the applied bias surpasses 
the coercive field (Ec), defined as the field upon 
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Figure 1.4.  Representative polarization electric field 
ferroelectric hysteresis loop indicating the location of 
the coercive fields (Ec), remanent polarization (Prem) 
and saturation polarization (Psat). Included in this im-
age are schematic drawings indicating the polarization 
at each stage during the switching process. 
8which 50% of the film has switched polarization states (Figure 1.4b). Upon removing the bias a 
constant non-zero spontaneous polarization remains which is called the remanent polarization 
(Prem, Figure 1.4c). Moving around to loop in the counter-clockwise direction, the application of 
negative bias (once again to the bottom electrode) results in ferroelectric switching to the down-
poled state, so long as the applied bias surpasses the negative coercive field (Figure 1.4d). As the 
magnitude of the negative bias increases the polarization again saturates to its saturation polariza-
tion (Psat, Figure 1.4e). This processes of using an electric field to switch the direction of sponta-
neous polarization is called “ferroelectric switching”. From this final, down-poled state, ferroelec-
tric switching to the up-poled state occurs in an identical manner but with opposite sense (Figure 
1.4e-f-a). Since ferroelectric materials can intrinsically exist in two identical but distinguishable 
states, these states can be used to store information, and in turn, these materials have been used as 
active materials in ferroelectric random access memories (FeRAM) where data bits are stored in the 
form of a polarization direction in ferroelectric capacitors [42, 55]. In this regard, there has been 
dedicated effort to produce materials with enhanced Prem and reduced Ec to facilitate the read/write 
steps in these devices while reducing power consumption [42, 55].
1.5 Ferroelectric Susceptibilities
In addition to ferroelectric switching the spontaneous polarization can be perturbed by 
electric fields, stress, and temperature giving rise to electromechanical and thermal susceptibilities 
which result from a change in the polarization, strain, and/or entropy. In turn, ferroelectric mate-
rials can have large dielectric, thermoelastic, electromechanical and thermoelectric responses not 
possible, or much larger than observed in other classes of materials. Understanding of the various 
susceptibilities in ferroelectrics can be aided by representing the susceptibility to field, stress and 
temperature graphically (Figure 1.5a) [56].Using this diagram it is easy to describe, for instance, the 
well-known piezoelectric effect (i.e., the linear coupling of a strain to a polarization). In addition, 
this diagram also reveals some less commonly discussed susceptibilities such as the electrocaloric 
effect which describes the coupling between an electric field and entropy [57-60].All told, what is 
important to take away from this diagram is that the highly-coupled susceptibilities in ferroelectric 
materials allow for the conversion of a material response to field, temperature or stress to a measur-
able response or to perform a function involving a change in polarization, strain or entropy. These 
large susceptibilities are the primary reason for the overwhelming interest in these materials for a 
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Figure 1.5.  (a) Diagram indicating the various susceptibilities of ferroelectric materials. Schematic plots of (b) po-
larization and (c) dielectric permittivity evolution with temperature for ferroelectric exhibiting 1st and 2nd order transi-
tions.
9range of applications. 
Since these ferroelectric susceptibilities are primarily attributed to changes in the polar-
ization, the susceptibility of a material tends to be maximized at structural instabilities (such as at 
the Tc and/or near structural and chemical phase boundaries), where large changes in the polar-
ization can be easily driven (Figure 1.5b). For example, if we consider the dielectric susceptibility 
ij
P
E
ε ∂ = ∂ 
 the permittivity is maximized at the Tc (Figure 1.5c). In this light, much of the research 
interests in engineering ferroelectric materials has focused on designing ferroelectric materials 
with structures, composition, or phases near structural or thermal phase boundaries such that 
electrical, mechanical, and/or thermal perturbations can drive structural transformations to gen-
erate large responses.
1.6 Bulk Ferroelectrics 
Historically, the study of ferroelectric materials has mainly focused on bulk, sintered ce-
ramic materials with dimensions typically on the order of millimeters. Bulk ferroelectric materials 
are generally polycrystalline with grain sizes on the order of 1-10 µm. While many functional de-
vices have been developed and designed based on polycrystalline ferroelectric their polycrystal-
line nature pose signifi cant challenges for modern devices where the design constraints on mag-
nitude, specifi city, and consistency of the responses is paramount. For example, polycrystalline 
which 50% of the fi lm has switched polarization states (Figure 1.4b). Upon removing the bias a 
constant non-zero spontaneous polarization remains which is called the remanent polarization 
(Prem, Figure 1.4c). Moving around to loop in the counter-clockwise direction, the application of 
negative bias (once again to the bottom electrode) results in ferroelectric switching to the down-
poled state, so long as the applied bias surpasses the negative coercive fi eld (Figure 1.4d). As the 
magnitude of the negative bias increases the polarization again saturates to its saturation polariza-
tion (Psat, Figure 1.4e). Th is processes of using an electric fi eld to switch the direction of sponta-
neous polarization is called “ferroelectric switching”. From this fi nal, down-poled state, ferroelec-
tric switching to the up-poled state occurs in an identical manner but with opposite sense (Figure 
1.4e-f-a). Since ferroelectric materials can intrinsically exist in two identical but distinguishable 
states, these states can be used to store information, and in turn, these materials have been used as 
active materials in ferroelectric random access memories (FeRAM) where data bits are stored in the 
form of a polarization direction in ferroelectric capacitors [42, 55].  In this regard, there has been 
dedicated eff ort to produce materials with enhanced Prem and reduced Ec to facilitate the read/write 
steps in these devices while reducing power consumption [42, 55].
1.5 Ferroelectric Susceptibilities
In addition to ferroelectric switching the spontaneous polarization can be perturbed by 
electric fi elds, stress, and temperature giving rise to electromechanical and thermal susceptibilities 
which result from a change in the polarization, strain, and/or entropy. In turn, ferroelectric mate-
rials can have large dielectric, thermoelastic, electromechanical and thermoelectric responses not 
possible, or much larger than observed in other classes of materials. Understanding of the various 
susceptibilities in ferroelectrics can be aided by representing the susceptibility to fi eld, stress and 
temperature graphically (Figure 1.5a) [56].Using this diagram it is easy to describe, for instance, the 
well-known piezoelectric eff ect (i.e., the linear coupling of a strain to a polarization). In addition, 
this diagram also reveals some less commonly discussed susceptibilities such as the electrocaloric 
eff ect which describes the coupling between an electric fi eld and entropy [57-60].All told, what is 
important to take away from this diagram is that the highly-coupled susceptibilities in ferroelectric 
materials allow for the conversion of a material response to fi eld, temperature or stress to a measur-
able response or to perform a function involving a change in polarization, strain or entropy. Th ese 
large susceptibilities are the primary reason for the overwhelming interest in these materials for a 
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Figure 1.5.  (a) Diagram indicating the various susceptibilities of ferroelectric materials. Schematic plots of (b) po-
larization and (c) dielectric permittivity evolution with temperature for ferroelectric exhibiting 1st and 2nd order transi-
tions.
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ferroelectrics typically require frequent poling to maintain a primary orientation of the domains, 
the presence of grain boundaries can adversely affect ferroelectric properties, the large dimension-
ality requires that massive external voltages (> 1kV) are needed to surpass the coercive field, and 
their size is prohibitive for use as functional elements in microelectronic devices [61]. Similarly, 
from a fundamental research perspective it is also challenging to understand the physics of the 
responses in macroscopic polycrystalline ferroelectrics as: 1) the response of the grain boundaries 
can contribute or even dominate the observed response and 2) it is difficult to accurately define the 
orientation of the polarization making it difficult to deconvolute the field- and polarization- direc-
tion dependence of the response. While single crystal of ferroelectric materials have been fabricated 
they are difficult to grow as it is exceedingly challenging to control the orientation, avoid forming 
voids, and chemical defects in materials with such complex and adaptable chemistries [62]. 
1.7  Ferroelectric Thin Films
By constraining one of the dimensions of bulk ferroelectrics to form a thin film (thickness 
<1000 µm) it is possible to create a convenient form factor to control the structure and properties 
of ferroelectrics to a degree not achievable in the bulk. Ferroelectric thin films have many advan-
tages compared to their bulk counterparts: 1) it is fairly easy to achieve a strong degree of texturing 
(preferred grain orientation), 2) voltages to reach the coercive fields are intrinsically lower, and 3) 
these materials can be readily integrated into microelectronic devices. In addition to textured poly-
crystalline thin films, it is also possible to grow ferroelectric thin films epitaxially on closely lattice 
matched substrates. Epitaxy not only enables the precise control of crystallographic orientation, 
but also provides a flexible route (in addition to chemical pressure) to strain materials to a degree 
significantly larger than is possible in the bulk. For instance bulk ceramics fail structurally under 
modest strains (typically <0.1% both compressive and tensile) [63],well before interesting structur-
al changes have occurred. While on the contrary, in thin films large strains of ±3% are commonly 
achievable with massive strains of 6% being reported in BiFeO3 on YAlO3 (110) [64-66].These large 
strains are capable of causing significant changes to the film on the unit-cell level (in terms of crys-
tal structure), and in the nanoscale and mesoscale domain structures. In turn, thin-film versions of 
ferroelectric materials (and in particular those grown epitaxially) represent a convenient platform, 
upon which an expansive range of model systems can be grown, controllably oriented, strained, 
and probed to discover new physics difficult to access in the bulk. 
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1.8  Growth of Ferroelectric Thin Films
Th e growth of high quality fi lms (in terms of composition, epitaxy, etc.) requires that the 
ferroelectric be deposited in a thermodynamic and kinetically controlled environment. Th is has 
been successfully achieved using a wide variety of deposition techniques including sol-gel [67, 
68], sputtering [69-71], metal-organic chemical vapor deposition (MOCVD) [61, 72, 73], molecu-
lar beam epitaxy (MBE) [74-76] and pulsed-laser deposition (PLD) [77-79].Although all of these 
deposition techniques have their advantages and drawbacks here we focus solely on PLD as it was 
the growth technique used for all fi lms studied in this work. 
Conceptually, PLD is a very simple. Th e basic infrastructure consists of a laser (in our case 
248 nm) which is fi red at a target (typically set to rotate and raster) inside a vacuum chamber (com-
monly in a slightly oxidizing atmosphere). Th e basic PLD setup is shown (Figure 1.6a). Th e fl uence 
(energy/area) of the laser spot can be easily controlled by changing the power input to the laser or 
by changing the external focusing optics. In PLD the fl uence (usually between 1-5 J/cm2) is typical-
ly well above the ablation threshold; therefore, as long as the material absorbs the laser energy a 
small amount of material is ejected from the target, forming a plasma plume. Since the ablation 
process occurs inside a vacuum system at low pressure (1-500 mTorr) this plasma plume is for-
ward-accelerated towards the substrate, being physically deposited on the surface of a heated sub-
strate. PLD provides many easily tunable parameters which can be used to control the growth 
process including: laser fl uence, spot size, frequency, chamber pressure, temperature, etc.,. PLD has 
some key advantages compared to other deposition techniques, of which, the most important are: 
1) thin fi lms of complex stoichiometry can be produced (as long as the right deposition conditions 
Pulsed Laser 248 nm 
Laser Pulse
Ion Gauge
Heater
Heater
Substrate
Homogenization 
Optics
O2 Inlet O2 Inlet
Vent
Shutter
Plume
Plume
Target Rotator 
Target Rotator 
Focusing Lens
Viewport
a b c
Figure 1.6.  Schematic illustration of basic pulsed laser deposition setup with the key components indicated. (a) 
highlights the laser and optics setup. (b) shows the key functional components on the vacuum chamber and (c) Shows 
the heater, targets rotator and substrate (mounted on the heater) during a deposition.
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are chosen) from targets of similar stoichiometry, 2) the ions deposited during the growth are high-
ly energetic (orders of magnitude higher than thermally deposited species) allowing sufficient sur-
face mobility for the adatoms to diffuse along the surface, and 3) growth kinetics can easily be 
easily controlled by changes to chamber pressure, laser fluence, frequency, etc.,. While PLD is lim-
ited in its ability to deposit over large areas and with high throughput necessary for commercial 
implementation, at a research level PLD provides the most flexible platform to grow high quality 
(in terms of crystal structure, chemical composition, and epitaxy) ferroelectric thin films with unit-
cell level control. More details of the history, mechanisms and growth modes of PLD are provided 
in Appendix A. 
1.9  Strain Engineering in Ferroelectric Thin Films
While chemistry is the most common method to control material properties, when grow-
ing epitaxial thin films of ferroelectrics researchers have an additional strain knob to turn that 
provides further control over the structure and properties of these materials. In such work, careful 
care needs to be taken in designing heterostructures. Strain engineering cannot persist to limitless 
bounds, and when the magnitude of the strain (or lattice mismatch) is too large, materials seek 
routes such as defect [80], dislocations and domain formation [81-84] to accommodate or relax the 
strain. Fortunately, this interest has motivated the development and commercialization of a vast 
array of isostructural perovskite substrates (primarily made using either floating zone growth or 
Czochralski method) with reasonable quality and having a wide range of suitable lattice parameters 
capable of imposing various degrees of epitaxial strain (Figure 1.7, bottom panel) [85-95]. Typical-
ly, to fully utilize these materials in devices requires a bottom electrode which is lattice matched to 
the film/substrate. To meet these requirements, a range of conductive perovskite-based electrode 
materials have been developed and employed in epitaxial heterostructures (Figure 1.7, middle pan-
el). Comparing the lattice parameters of the available substrates and bottom electrodes [96, 97] to 
a selected subset of known ferroelectric materials (Figure 1.7, top panel) [98-110], there are many 
suitable substrates and electrode materials to provided flexibility in designing heterostructures; 
however, there are some problem areas. Particularly, there are a limited number of suitable sub-
strate and electrode materials with lattice parameters between 4.05-4.2Å. The scarcity of materials 
within this range is not a fundamental limit, but rather a limitation of availability and demand. 
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Figure 1.7.   Figure indicating the lattice parameters of commercially available substrate materials (bottom section), 
a select list of perovskite electrode materials and ferroelectric, incipient ferroelectrics and anti-ferroelectric materials.
When it is possible to find a suitable substrate and/or electrode strain tuning of ferroelectric 
thin films can produce structures and properties vastly different from what is observed in the bulk. 
For instance, it has been shown that epitaxial strain can be used: to shift the Tc of BaTiO3 by more 
than 500°C and increase the remanent polarization by 250% [111] (similar results have been ob-
served in other systems) [112-115],  induce ferroelectricity in SrTiO3 (which is typically paraelec-
tric), [116] produce new phases [115, 117-119] and phase competition [64, 120], modify ferroelec-
tric domain structures [81-83, 121-130], and generate new forms of polar order in ferroelectrics 
[131-142].While the successes of strain engineering of ferroelectric thin films have been great, we 
have only scratched the surface of what is possible. In this regard, recently, there has been dedicated 
efforts to invent new forms of strain engineering through the use of: thermal mismatch strain ef-
fects [143-146], anisotropic strain [147-149], controlled defect engineering [80, 150-157], 
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orientation control [158-162], superlattice structures [131-137, 141, 142, 163], strain gradient [151, 
152, 164-173], and many more. Th ese new forms of strain engineering are exciting as they expand 
the capabilities and possibilities of  structures and properties which can be achieved in ferroelectric 
materials.
1.10  Domain Formation in Ferroelectric Thin Films
When ferroelectrics undergo a transition from the paraelectric to ferroelectric state they 
seek routes to minimize the sum of the electrostatic and elastic energies. While it is possible to form 
a material with a single polarization direction (monodomain, Figure 1.8a) under the right condi-
tions fi lms break down into domains to minimize the sum of the various energies (primarily the 
electrostatic, elastic, and domain wall energies). For simplicity if we consider a Ti-rich variant in 
the  PbZr1-xTixO3 family PbZr0.2Ti0.8O3, with lattice constants a = b = 3.94  Å and c = 4.12 Å the polar 
axis can exist in two degenerate states along one of three directions (i.e. [100], [010], or [001]) when 
grown epitaxial on (00l)-oriented substrates, and forms fractions of each of these domain variants 
to minimize the energy. 
First, considering the electrostatic energy, if the ferroelectric thin fi lm is grown on a close-
ly lattice matched insulating substrate without a bottom electrode there exists strong depolariza-
tion fi elds which drives the formation of anti-parallel, out-of-plane oriented c+ and c- domains, in 
an attempt to minimize the depolarization fi elds/energies (Figure 1.8b). Th e boundary between 
neighboring domains is typically described by the angular diff erence of the polarization direction 
on adjacent sides of the domain wall which, in the case of anti-polar domains, is 180°. Th erefore 
these domain wall are called 180° domain walls. Since the origin of these domains is purely electro-
static in nature, 180° domain walls are typically referred to as ferroelectric domains walls. In many 
cases ferroelectric thin fi lms are grown on top of bottom electrodes which can easily screen the 
Figure 1.8.  Schematic of common ferroelastic domain structures (a) a monodomain structure where the polariza-
tion points in a single direction. (b) ferroelectric 180° domain walls where the polarization between domains points 
anti-parallel to one another. (c) ferroelastic 90° domain walls where the polarization points perpendicular to one an-
other. Inset shows side view of the domain structure. Th e polarization direction is indicated by the color of the region.
Monodomain Ferroelectric (180º) Ferroelastic (90º)
Side View
Polarization
a b c
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depolarization fields. Therefore, when ferroelectrics are grown with bottom electrodes the polariza-
tion can have a preferred orientation and 180° domains walls are typically not observed. 
In addition to electrostatic driving forces for domain formation, the elastic boundary con-
ditions can significantly influence the domain structure. In the presence of substrate imposed epi-
taxial strain 90° domain walls consisting of a boundary between an out-of-plane oriented c do-
mains and in-plane oriented a domain can form (Figure 1.8c). Since the origins of these domains 
are elastic in nature they are typically referred to as ferroelastic domain. When these domains form 
they must conform to the constraints imposed by the electrical boundary conditions. Therefore, 
these walls must form at 45° angle (in reference to the c domain polar axis) along the {101} family 
of planes. The polarization must also be oriented such that the polarization directions do not point 
towards (or away)  from each other (i.e., head-to-head or tail-to-tail), in order to avoid forming 
a charged domain wall. Since these domains form to accommodate the elastic strain energy their 
presence and density is highly dependent on the substrate imposed biaxial strain. For instance, 
returning to PbZr0.2Ti0.8O3 as an example, under compressive strain there is minimal to no driving 
force for ferroelastic domain formation, as the average in-plane lattice parameters is universally 
smaller than the in-plane lattice parameter of the parent phase. In turn, this strain condition fa-
vors forming a monodomain structure with a single polarization direction (excluding electrostatic 
effects). In the case of tensile strain, however, the average in-plane lattice parameter of the film is 
larger than the in-plane lattice parameter of the parent phase and, therefore, the film can reduce 
the overall elastic energy by forming some fraction of in-plane oriented a domains (as long as the 
reduction in elastic energy is greater than the domain wall energy typically ~35 mJ/m2 in PbTiO3) 
[174]. The scenario mentioned above is just an example and in actuality ferroelastic domain for-
mation has been shown to depend on a wide variety of factors including: the epitaxial strain, film 
composition, film thickness, cooling rate, thermal expansion mismatch, etc.. 
To complement experimental work there has been considerable studies focusing on de-
veloping phenomenological models based on Ginzburg-Landau-Devonshire (GLD) theory of fer-
roelectricity which are capable of accurately predicting the strain-evolution of domain structures 
[175-180]. Guided by these theories and understanding of the forces driving domain formation 
researchers have the ability to produce a wide variety of domain structures with fecundity includ-
ing: c/a/c/a domain structures in tetragonal ferroelectric [82, 181, 182],180°, 71°, and 109° domains 
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rhombohedral ferroelectrics [183, 184], nanodomain structures near morphotropic phase bound-
aries [128, 185, 186],mixed-phase domain structures [64, 119, 187, 188], and many more, with the 
occasional possibility of inventing a new domain structure. 
Ferroelastic domains have a profound effect on the switchable polarization and the ferro-
electric susceptibilities. Understanding the effect on the switchable polarization is rather simple. 
Considering, for instance, a c/a/c/a domain structure, as the density of in-plane oriented a do-
mains increases the switchable out-of-plane polarization (defined by the density of out-of-plane 
polarized c domains) correspondingly decreases. On the other hand, understanding the effect of 
the domain structure on ferroelectric susceptibility is much more complex. Typically, when a per-
turbation (electrical, mechanical, thermal) is applied to a material not only does the magnitude of 
the polarization in both the c and a domains change but also the fraction of the domain variants 
changes. This change in the density of the domain variants causes movement of the domain walls. 
While it has been known for a long time that 180° domain walls can be moved easily and should 
significantly enhance both piezoelectric and dielectric susceptibilities [189-191], ferroelastic 90° 
domain walls in thin films were only thought to contribute to the piezoelectric susceptibilities [192, 
193].Recently, however, it has been proven that the reversible motion of 90° ferroelastic domain 
walls can provide a significant extrinsic contribution (up to 50% of the total response) to the di-
electric and pyroelectric response [125, 194].This discovery changed how we perceive the influence 
of ferroelastic domain wall contributions to ferroelectric susceptibilities. A large majority of this 
thesis will focus on the influences of various types of ferroelastic domains on the susceptibilities 
and modes of response in ferroelectric thin films. 
1.11  Strain Gradients in Ferroelectrics
Typically when straining ferroelectrics thin films it is assumed (primarily for simplicity) 
that strain manifests in a uniform manner, however, in actually epitaxial strain commonly seeks 
routes to relax strain. While initially such strain relaxation might seem detrimental to the materials 
properties the strain gradients can be large (commonly on the order of 105 m-1), and researchers 
have looked to leverage the ability to deterministically create inhomogeneous strains to gain fur-
ther control of materials [151, 152, 172, 195-197].The presence of strain gradients are particularly 
interesting in ferroelectrics because of the potential for strong so-called flexoelectric effects [198]. 
Figure 1.9.  (a) Schematic illustration indicating fundamental principles of flexoelectricity (images made using VES-
TA). (b) Illustration of methodologies of generating strain gradients through controlled defects. Top shows a dia-
gram indicating strain relaxation caused by the lack of oxygen vacancies in HoMnO3 [151,152]. Bottom, indicates how 
growth pressure can be used to tune the magnitude of strain relaxation and flexoelectric effects (c) Top HAADF-STEM 
imaging and geometric phase analysis of a typical ferroelastic c/a/c/a domain structure in PbTiO3. Middle schematic 
drawing indicating the flexoelectric polarization and its influence on the rotation of the polarization direction. Bottom 
Out-of-plane strain (color) and polarization maps (vectors) near a ferroelastic domains observing a difference in polar-
ization rotation between the acute and obtuse corners caused by flexoelectric effects [140]. (d) Ferroelectric hysteresis 
loops in BaTiO3 grown with controlled defect densities by modulating the laser fluence. Hysteresis loops show large 
horizontal shifts (particularly when grown at high laser fluence) due to flexoelectric effects [150]. (e) Growth tempera-
ture dependent non-switchable and switchable rectifying diode behavior in BeFeO3 [165]. 
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Flexoelectricity refers to the linear coupling of a strain gradient ∂ ∂( )ε ij kx  and the polarization (Pi) 
of a material, mediated by the fourth-rank fl exoelectric tensor (μikjl). Th e fourth-rank nature of the 
fl exoelectric tensor necessitates that it exists in all classes of materials regardless of symmetry. Flex-
oelectricity can be imagined by considering the convex bending of a thin fi lm causing the top of the 
fi lm to be under tension while the bottom side is under compression, thereby generating a strain 
gradient (Figure 1.9a). Upon bending the B-site cation (whose distortion defi nes the polarization) 
moves within the unit-cell like a pea in a pea pod, generating a polarization in centrosymmetric 
materials, or modifying the polarization in ferroelectric materials. Th ese fl exoelectric eff ects (or 
eff ects that mimic those arising from fl exoelectricity) can alter the ferroic response of materials 
[166, 167], allow for mechanically-induced ferroelectric switching [43, 199, 200], drive horizontal 
rhombohedral ferroelectrics [183, 184], nanodomain structures near morphotropic phase bound-
aries [128, 185, 186],mixed-phase domain structures [64, 119, 187, 188], and many more, with the 
occasional possibility of inventing a new domain structure. 
Ferroelastic domains have a profound eff ect on the switchable polarization and the ferro-
electric susceptibilities. Understanding the eff ect on the switchable polarization is rather simple. 
Considering, for instance, a c/a/c/a domain structure, as the density of in-plane oriented a do-
mains increases the switchable out-of-plane polarization (defi ned by the density of out-of-plane 
polarized c domains) correspondingly decreases. On the other hand, understanding the eff ect of 
the domain structure on ferroelectric susceptibility is much more complex. Typically, when a per-
turbation (electrical, mechanical, thermal) is applied to a material not only does the magnitude of 
the polarization in both the c and a domains change but also the fraction of the domain variants 
changes. Th is change in the density of the domain variants causes movement of the domain walls. 
While it has been known for a long time that 180° domain walls can be moved easily and should 
signifi cantly enhance both piezoelectric and dielectric susceptibilities [189-191], ferroelastic 90° 
domain walls in thin fi lms were only thought to contribute to the piezoelectric susceptibilities [192, 
193].Recently, however, it has been proven that the reversible motion of 90° ferroelastic domain 
walls can provide a signifi cant extrinsic contribution (up to 50% of the total response) to the di-
electric and pyroelectric response [125, 194].Th is discovery changed how we perceive the infl uence 
of ferroelastic domain wall contributions to ferroelectric susceptibilities. A large majority of this 
thesis will focus on the infl uences of various types of ferroelastic domains on the susceptibilities 
and modes of response in ferroelectric thin fi lms. 
1.11  Strain Gradients in Ferroelectrics
Typically when straining ferroelectrics thin fi lms it is assumed (primarily for simplicity) 
that strain manifests in a uniform manner, however, in actually epitaxial strain commonly seeks 
routes to relax strain. While initially such strain relaxation might seem detrimental to the materials 
properties the strain gradients can be large (commonly on the order of 105 m-1), and researchers 
have looked to leverage the ability to deterministically create inhomogeneous strains to gain fur-
ther control of materials [151, 152, 172, 195-197].Th e presence of strain gradients are particularly 
interesting in ferroelectrics because of the potential for strong so-called fl exoelectric eff ects [198]. 
Figure 1.9.  (a) Schematic illustration indicating fundamental principles of fl exoelectricity (images made using VES-
TA). (b) Illustration of methodologies of generating strain gradients through controlled defects. Top shows a dia-
gram indicating strain relaxation caused by the lack of oxygen vacancies in HoMnO3 [151,152]. Bottom, indicates how 
growth pressure can be used to tune the magnitude of strain relaxation and fl exoelectric eff ects (c) Top HAADF-STEM 
imaging and geometric phase analysis of a typical ferroelastic c/a/c/a domain structure in PbTiO3. Middle schematic 
drawing indicating the fl exoelectric polarization and its infl uence on the rotation of the polarization direction. Bottom 
Out-of-plane strain (color) and polarization maps (vectors) near a ferroelastic domains observing a diff erence in polar-
ization rotation between the acute and obtuse corners caused by fl exoelectric eff ects [140]. (d) Ferroelectric hysteresis 
loops in BaTiO3 grown with controlled defect densities by modulating the laser fl uence. Hysteresis loops show large 
horizontal shift s (particularly when grown at high laser fl uence) due to fl exoelectric eff ects [150]. (e) Growth tempera-
ture dependent non-switchable and switchable rectifying diode behavior in BeFeO3 [165]. 
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shifts of ferroelectric hysteresis loops [172, 173, 195, 201, 202], and allow for independent tuning of 
typically coupled ferroelectric susceptibilities [195, 196].
At first pass, one might assume that flexoelectricity could be easily studied by applying an 
external inhomogeneous strain to a material, and initially, researchers took this approach [43, 203-
211]. While capable of determining a value of the flexoelectric coefficient these experiments were 
imprecise, with even the best experimental designs having limited control and ability to measure 
the strain and electric field gradients necessary to accurately predict flexoelectric effects [205, 206].
As a results, these measurements commonly resulted in values for flexoelectric coefficients which 
varied by more than an order of magnitude between measurements [210, 211]. Further compli-
cating this discussion, experimentally measured values for flexoelectric coefficients are typical-
ly orders of magnitude larger [204, 212-214] than theoretically predicted values [212, 215, 216]. 
While there has been many hypotheses as to the origin of this discrepancy including: polar clusters/
nanoregions [217-220], inhomogenously distributed electronic/ionic defects [221, 222], polariza-
tion gradients (in the presence of screening charges which minimize depolarization fields) [171], 
surface piezoelectricity [167, 223, 224], dynamic piezoelectricity [225-228], and other forms of 
macroscopic symmetry breaking [229], there is still no way to truly reconcile this discrepancy [216, 
230]. 
Once again, constraining one of the bulk dimension (forming a thin film) provides a con-
venient platform to probe these flexoelectric effects. For instance, crystallographic orientation can 
be easily define by the nature of the epitaxy and it is possible to generate large strains gradients that 
would cause even the strongest of bulk materials to fail; however, the challenge comes in devising 
routes to-, and ways to measure the strain gradient in these materials. To engineer strain gradients 
in ferroelectric thin films one of the most developed approaches involves creating a defect gradient 
which through an effective “chemical pressure” generates a strain gradient (as graphically depict-
ed in Figure 1.9b). This approach has been successfully employed to produced strain gradients 
on the order of 105 m-1 in HoMnO3 by varying the oxygen partial pressure during growth [151, 
152], BiFeO3 by varying film thickness and temperature [165, 231], and BaTiO3 by varying the la-
ser fluence [150]. Recently, detailed high angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) and geometric phase analysis (GPA) has revealed that polarization 
rotation and large strain gradients (once again on the order of 105) can exist at ferroelastic domains 
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walls (Figure 1.9c) [140, 166], demonstrating the possibility that domain structure engineering 
could be employed to produce large flexoelectric effects. Once these strain gradients are formed, it 
is exceedingly difficult to directly measure the strain gradients, as X-ray based approaches which 
generally measures the average structural properties of materials struggle analyzing local variations 
in materials properties [151, 165, 197, 232] and conventional transmission electron microscopy 
(TEM)-based GPA can only image over small length scales not suitable for complete strain gradient 
analysis [233]. In this thesis we will present two novel approaches to quantify and measure strain 
gradients and relaxation in ferroelectric thin films.
Despite these prior challenges quantifying the full nature of the flexoelectric effects in these 
strain gradient engineered thin-films the manifestations of the flexoelectric effects are obvious and 
meritorious of study. The most pronounced effect of the flexoelectric effect is visualized by ob-
serving shifted hysteresis loops. These shifts were first recognized as shifts along the polarization 
axis [202, 234],but were later proven to be the results of the measurement circuit (i.e. the reference 
capacitor of the Sawyer-Tower circuit and the applied voltage) [235, 236], and instead the shifts 
actually lie along the voltage (or field axis) [237].The shift (along the horizontal axis), the so-called 
built-in potential is typically quantified in terms of the midpoint of the coercive fields and has been 
reported to be as large as 30 kV/cm (0.75 V) in BiFeO3 [165],50 kV/cm (1.75 V) in HoMnO3 [152], 
and 100 kV/cm (1.5 V) in BaTiO3 (Figure 1.9d) [150]. It is worth emphasizing that these built-in 
potentials are intrinsic to the material (in its current strain state) and are different in nature from 
extrinsic effects such as asymmetric electrodes which typically give rise to imprint [238, 239], which 
if careful care is taken can be completely neglected [240]. The presence of these built-in potentials 
can act similar to an externally applied voltage, acting to suppress the dielectric susceptibility while 
having minimal impact on the polarization [196, 241],enabling the decoupling of typically coupled 
ferroelectric susceptibilities. Finally, if the origins of the strain gradient arise from a localized defect 
layer at one of the interfaces, the material can give rise to non-switchable rectifying diode behavior 
(shown in Figure 1.9e) [165], where switchable rectifying diode behavior is caused by the Vo-rich 
layer at the interface [242]. 
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1.12  Organization of Thesis
The remainder of this thesis will consist of six additional chapters and ten appendixes fol-
lowed by a reference section. 
In Chapter 2, we will introduce the basic operation principles, capabilities, and limitations 
of the various experimental techniques used to probe the materials studied in this thesis. 
In Chapter 3, we explore the effect of chemical composition on the crystal and domain 
structure in compositionally-homogeneous PbZr1-xTixO3 heterostructures. We evaluate how the 
strain state, electrical, dielectric, and ferroelectric response evolve in these various heterostructures. 
In Chapter 4, we take an in-depth look at the strain evolution in morphotropic phase 
boundary PbZr0.52Ti0.48O3 thin films. We explore how the presence of phase competition can skirt 
classical assumptions of epitaxial strain; and determine how this new form of strain engineering 
effects the electrical, dielectric, and pyroelectric responses of these materials.
In Chapter 5, we present the growth, crystal and domain structure, and properties of com-
positionally-graded PbZr1-xTixO3 heterostructures. We will focus on how strain (and potentially 
chemical) gradients can be used to generate large built-in potentials and evaluate their influence on 
the dielectric and pyroelectric responses, and figures of merit. We explore the chemical and thick-
ness dependence of the built-in potential and demonstrate that the magnitude of the built-in po-
tential does not follow trends based on the maximum theoretical strain gradient alone and instead, 
is dominated by the presence of transitions through the MPB and/or the presence of ferroelastic 
domain structures. 
In Chapter 6, we conduct detailed local probes of ferroelectricity in homogeneous and 
compositionally-graded heterostructures using multi-dimensional, band-excitation based piezore-
sponse force microscopy. Coupled with detailed nanobeam diffraction strain mapping studies we 
observe how the presence of a strain gradient can modify the nature and response of ferroelastic 
domains. Specifically, we show that ferroelastic domains can be manipulated to be needle-like in 
nature by the presence of a strain gradient. We observe using local piezoelectric probes that these 
needle-like ferroelastic domains act like domain wall springs which are much more labile (in the 
out-of-plane direction) than typical ferroelastic domains (under applied electric fields) producing 
locally enhanced piezoresponse.
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In Chapter 7, we present preliminary multidimensional, band-excitation piezoresponse 
force microscopy studies of strain-induced mixed-phase PbTiO3 and PbZr0.2Ti0.8O3 heterostruc-
tures. These studies reveal a hierarchical mixed-phase domain structure which permits field in-
duced structural phase transitions and has evidence of multi-stage switching events. In this section 
we derive new routes to start to understand the switching processes in these mixed-phase systems. 
We conclude this chapter with suggestions for future work. 
The main text is supplemented by ten appendixes which include: history, mechanisms and 
growth modes of pulsed-laser deposition, measurement and quantification of laser fluence, ad-
ditional studies of PbZr0.2Ti0.8O3 heterostructures, additional band-excitation switching spectros-
copy images of PbZr0.2Ti0.8O3 heterostructures, additional band-excitation switching spectrosco-
py images of (20,80) compositionally-graded heterostructures, additional loop shape parameters 
for homogeneous PbZr0.2Ti0.8O3 and compositionally-graded (20,80) heterostructures, additional 
band-excitation switching spectroscopy images of mixed-phase PbTiO3 heterostructures, band-ex-
citation switching spectroscopy, multi-step loop fitting, loop shape parameters of mixed-phase 
PbTiO3 heterostructures, additional band-excitation switching spectroscopy images of mixed-
phase PbZr0.2Ti0.8O3 heterostructures, and band-excitation switching spectroscopy loop shape pa-
rameters of mixed-phase PbZr0.2Ti0.8O3 heterostructures. 
This thesis is also supplemented by movies (available online) of the switching spectroscopy 
in homogeneous PbZr0.2Ti0.8O3, compositionally-graded (20,80), mixed-phase PbTiO3 and mixed-
phase PbZr0.2Ti0.8O3 heterostructures. 
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ChApTER 2 
ChARACTERIZATION OF FERROELECTRIC ThIN FILMS
In this chapter, we describe the techniques and methodologies used to characterize the 
complex oxide ferroelectric thin films studied in this work. We start this discussion with basic crys-
tallographic and domain structure metrological techniques (X-ray diffraction, Atomic Force Mi-
croscopy, and Piezoresponse Force Microscopy). Following that description, we move on to discuss 
the fabrication process used to fabricate parallel plate capacitor structures with symmetric epitaxial 
electrodes using an MgO hard mask process. We then describe the experiments needed to char-
acterize ferroelectric and dielectric susceptibilities with a particular interest on illuminating the 
domain wall contributions. In the second section of this chapter, we describe the background in-
formation for the advance metrology and data analysis which have been developed specifically for, 
or implemented in new ways, to address scientific challenges presented in this work. This section 
includes a description of: a high dc bias permittivity measurement capable of measuring intrin-
sic contributions to the dielectric permittivity, a phase-sensitive pyroelectric measurement meth-
odology that can isolate pyroelectric current and thermally stimulated current, band-excitation 
piezoresponse force microscopy and switching spectroscopy capable of excluding topographical 
crosstalk and measuring local piezoelectric hysteresis loops, the methodology and methods used 
to fit and extract data from local piezoelectric hysteresis loops, and a transmission electron micros-
copy technique based on nanobeam diffraction capable of measuring local strain maps. Together, 
this  collection of techniques provides the tools needed to understand the structure, properties, and 
modes of responses in these complex ferroelectric materials.
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2.1 Basic Crystal Structure Characterization
2.1.1 X-ray Diffraction (XRD) of Ferroelectric Thin films
In ferroelectric thin films the form and function is defined on the atomic scale by the crystal 
structure which can be studied by X-ray diffraction-based techniques. To conduct these measure-
ments an incident beam of X-rays is focused towards a sample of interest causing some of these 
X-rays to be elastically scattered by the electrons of the atoms (Thompson Scattering). Since all 
crystalline materials have long-range atomic order when the incident beam, sample, and detector 
geometrically satisfies the Bragg condition the elastically scattered X-rays constructively interfere, 
having an intensity much greater than the background noise. The angular location of this diffrac-
tion peak can easily be used to calculate the interplanar lattice spacing using nλ=2dsin(θ) as long as 
the order of the diffraction condition (n), incident wavelength (λ), and the angle which the diffrac-
tion peak occurs (θ) is known [243]. 
Experimentally, initial crystal structure characterization of thin films is commonly accom-
plished by conducting a 2θ/ω scan, to quantify the position, shape and intensity of the Bragg reflec-
tions. To do this, the sample reference frame is established by aligning the incident X-ray, sample 
and detector to the substrate diffraction condition of interest. Throughout the measurement both 
the angle between the sample, X-ray source, and detector are moved such that 2θ and ω angles are 
equivalent and the path length is unchanged (Figure 2.1a-b). It is worth noting that if the quality of 
the epitaxy is in doubt a φ scan along an asymmetric diffraction condition for the film and substrate 
can be used to verify the quality of the epitaxy. In most cases high-quality epitaxy is relatively easy 
to achieve (as long as a suitable substrate is chosen) over a wide range of growth conditions. If all 
other film characteristics fit prior expectations it is fairly safe to assume epitaxy without measuring 
each time. When films are grown epitaxially on lattice matched substrates scans near the diffraction 
Figure 2.1.  (a) Front and (b) top view of X-ray diffractometer indicating the positions of the X-ray source, X-ray 
detector, and sample. Rotations axes of the goniometer are indicated.
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condition of the substrate can capture the diffraction of the film, providing a wealth of information 
including: structure and lattice parameter from the diffraction position, film thickness, the pres-
ence of possible secondary phases, and crystal quality in the normal direction (in terms of strain 
and defect density). For instance, if the crystalline quality of the film is sufficiently good the diffrac-
tion condition can have Laue fringes (from the 2θ/ω scan), which can be used to calculate film 
thickness [244, 245]. Alternatively, the thickness of a film can be quantified by conducting X-ray 
reflectivity measurements where differences in electron density between layers result in some 
X-rays being reflected by the interface (in accordance with Fresnel’s equations); which upon inter-
fering generate Kiessig fringes. While the quality of Laue fringes are primarily determined by the 
crystalline quality, the quality of Kiessig fringes are determined primarily by the quality of the in-
terface (in terms of roughness) between layers [246]. If additional information about the in-plane 
crystal quality is required, rocking curves about ω at the diffraction condition for the substrate and 
the films can be acquired.
2.1.2 Multi-Dimensional X-ray Diffraction of Ferroelectric Thin Films
While these one-dimensional X-ray diffraction techniques provide the insight needed to 
visualize films when the in-plane lattice parameters and crystallographic tilts are equivalent to the 
substrate, when differences exist a single line scan is insufficient to fully visualize the structure. To 
gain more insight into the structure requires the ability to measure on two-axes creating a recipro-
cal space map in 2θ and ω space. Experimentally, these scans are typically accomplished by aligning 
the X-ray to the diffraction conditions of the substrate, defining a 2θ and ω space, and conducting a 
series of 2θ scans at various ω values. These scans can then be combined to create a two-dimension-
al map of the diffraction intensity. If the scan is centered around a symmetric diffraction condition 
[(00l) for an (00l) oriented substrate] the resulting image provides insight into the crystalline qual-
ity and crystallographic tilts of the film (or variants within the film). On the other hand, if a scan is 
conducted near an asymmetric diffraction condition [(hkl) ≠ (00l) for an (00l)-oriented substrate] 
the resulting diffraction peaks provide insight into the average in-plane and out-of-plane lattice pa-
rameter of the film, in addition to information about the crystallographic tilts. Typically, after data 
collection, these plots are converted into qx and qy space using ( )( )xq ω θ ωλ= − −
1 cos cos 2  and 
( )( )yq ω θ ωλ= − −
1 sin sin 2 , such that the diffraction peak is represented in units of (1/Å). Using 
this convenient representation, it is easy to classify whether a film is relaxed (qx-value of film varies 
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from substrate) or coherently strained (qx-value of fi lm is identical to substrate) to the substrate.
X-ray diff raction is a proven, powerful technique capable of exploring the average crys-
tal structure of thin fi lms. At times, it is also desirable to measure the inhomogeneous strain or 
strain relaxation in thin fi lms.  If the diff raction peak of interest can be modeled as a single mate-
rial with a known lattice parameter strain relaxation can be quantifi ed using the Williamson-Hall 
approach [232].To do this, it is necessary to separate out the broadening (due to the fi nite thick-
ness of the fi lm) and strain relaxation of the diff raction peak using the Willliamson-Hall relation 
inhK D
λβ θ ε θ= +cos 4 sin ; where D is the coherence length perpendicular to the fi lm thickness 
(approximately the fi lm thickness), β is the breadth of the peak (which can be approximated by the 
full width half max), λ is the X-ray wavelength, θ is the diff raction angle, K is a constant close to 
unity and εinh is the inhomogeneous strain. By measuring the breadth of the diff raction peak of vari-
ous orders it is possible to make a Williamson-Hall plot βcosθ vs sinθ where the linear fi t of this plot 
provides a quantifi cation of strain relaxation. Th is approach has been employed to measure strain 
relaxation in a wide variety of ferroelectric thin fi lms [151, 165, 197]; however, it is important to 
reemphasize that this approach can only provide a measure of average strain relaxation, and is un-
able to predict the origins and/or how strain relaxation evolves throughout the thickness of a fi lm.
2.1.3 Surface Topography Imaging of Ferroelectric Th in Films
When growing thin fi lms using PLD it is ideal to grow fi lms layer-by-layer, however, this 
growth mode can only occur under optimal conditions (see Appendix A for discussion of common 
growth modes in PLD). In turn, the topographical 
structure provides critical feedback regarding 
growth indicating potential defects (such as parti-
cles, second phases, or holes). Th e features which 
defi ne the surface topography are typically on the 
order of Å-nm. To probe such features atomic force 
microscopy (AFM) is the most suitable metrology 
technique. AFM operates by taking an ultra-sharp 
cantilever (with a tip radius typically on the order of 
5-10 nm, but are commercially available as low as 1 
nm) which is brought into contact (or near contact) 
Figure 2.2.  Schematic drawing indicating the basic 
operation of an atomic force microscope.
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with a surface. This tip is then scanned across the surface of the sample (using piezoelectric actua-
tors) while simultaneously measuring the deflection of the cantilever by reflecting a laser off the 
back of the cantilever and measuring its location using a quadrant photodiode (Figure 2.2). The 
measured deflection is used to establish a feedback loop with the height of the cantilever enabling 
a constant set point (of the photodiode) to be maintained (by adjusting the z-piezo). As the tip 
scans across the surface the deflection of the cantilever is sampled allowing the construction of an 
image. By bouncing the laser off the cantilever it is possible to amplify the deflection signal and 
using this approach it is quite common to achieve vertical resolution on the order of 0.2Å (well 
below the diffraction limit); while the lateral resolution is limited by the radius of curvature of the 
tip. Since what is actual being imaged is a convolution of the tip and sample surface (imaging the 
less sharp feature) any damage to the tip will distort the image. To avoid such damage, it is common 
to image in tapping mode, where instead of being in direct contact with the sample surface the tip 
images the topography by measuring a change in the resonance response of the cantilever as a re-
sult of changes in the short-range repulsive coulombic forces and long-range attractive forces. 
While there are many details of this technique which help imaging difficult samples they are be-
yond the scope of this thesis [247-249]. In general, many of the challenges barring the acquisition 
of a good image using AFM have been automated in commercially available instruments making it 
fairly easy to obtain high-resolution topographical images.
2.1.4 Imaging Domain Structures in Ferroelectric Thin Films
Imaging is just the most basic function of AFM and once a cantilever is in intimate contact 
or interacting with a surface it is possible to measure other properties of the surface. Using the 
AFM tip as an atomic probe a wide variety of modes capable of characterizing material properties 
on the nanoscale have been developed including: single-molecule spectroscopy [250, 251], na-
no-mechanical microscopy [252, 253], electrostatic force microscopy [254, 255], magnetic force 
microscopy [256-258], nanolithography [259, 260], scanning microwave impedance spectroscopy 
[261, 262], nano-Raman [263, 264], and many more. Specifically, in the context of ferroelectric 
materials the conductive cantilever can be used to electrically perturb a material generating a mea-
surable piezoresponse (Figure 2.3a-b). Since the magnitude of the piezoresponse depends on the 
domain type and the phase depends on the polarization direction (Figure 2.3c), it is possible to use 
piezoresponse force microscopy (PFM) to construct an image of the domain structure. To do this, 
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a cantilever is brought into contact with the surface and a small ac voltage is applied between the 
tip and the sample while measuring the defl ection using a lock-in amplifi er. While any frequency 
can be chosen for the ac excitation it is important to consider the magnitude of the piezoelectric 
displacement of the cantilever in reference to the noise fl oor of the instrument. In a clamped thin 
fi lms piezoelectric coeffi  cients are 100-300 pm/V at best [265], meaning the maximum sub-coer-
cive displacement is on the order of 1-10 Å. To increase the defl ection it is possible to leverage the 
cantilever ability to amplify this response by exciting the cantilever at its contact resonance fre-
quency, generating orders of magnitude enhancement in the cantilever defl ection. While single-fre-
quency PFM is powerful for imaging highly-responsive materials with large domain features its 
limitations become obvious even when considering the simplest, idealized model of the cantilever 
resonance in the form of a simple harmonic oscillator (SHO). In this case, the response of the 
Figure 2.3.  (a) Schematic illustration of basic PFM operation. Right side shows electronic circuit for dual frequency 
PFM (DART). (b) Illustration of conventional PFM cantilever resonance indicating the ideal frequencies for excitation 
using DART.  Dashed lines indicate the potential for resonance hopping based on the tip-surface contact resonance. (c) 
image showing the sign dependence of sample strain. When domains are poled up and negative bias is applied, domains 
expand and vice versa, resulting in a polarization dependent phase shift  between the applied bias and piezoresponse.
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cantilever is primarily determined by the resonance frequency (defi ned by the tip-surface spring 
constant), amplitude (a measure of the piezoresponse response), and Q-factor (defi ned by the 
tip-surface dissipation), all of which are intimately linked to the tip-surface interaction. In real 
measurements, due to changing topography, the tip surface interaction is constantly changing re-
sulting in cantilever resonance frequency hopping (Figure 2.3b), which is diffi  cult to deconvolute. 
While more advanced approaches based on phase-locked loops (which use external circuitry to try 
to maintain the system at resonance) or dual-frequency resonance tracking (DART, which excites, 
measures, and then tracks the resonance using two frequencies) provide a more accurate measure 
of piezoresponse [266], they still only provide incremental improvements applicable under the 
strictest of assumptions [266, 267].
2.2 Basic Macroscopic Electrical Characterization
2.2.1 Fabrication of Symmetric Epitaxial Top Contacts
When conducting electrical measurements of ferroelectric materials the choice of electrode 
material is of paramount importance. As an electrode material with poor chemical compatibility or 
fi nite screening length can result in “so-called” dead layers [268-273].Th ese dead layers can give 
rise to problems with fatigue, retention, and imprint [274-276].It has been shown both theoretical-
ly, and experimentally that these detrimental eff ects can be mitigated by using structurally- and 
chemically-compatible oxide metals (SrRuO3, etc.) [274, 276-278].Th is choice of electrodes materi-
al becomes particularly important when measuring at elevated temperatures where leakage is in-
creased, there is diminished chemical stability, and electrodes are more likely to delaminate from 
the surface [279].When designing capacitor structures the ideal structure would be an epitaxial 
stack where both the bottom and top layers are the same chemical composition, similar in 
Figure 2.4.  (a-g) Schematic illustration of processing steps for the growth of epitaxial top electrodes for parallel-plate 
capacitor structures used for electrical characterization. 
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chemistry to the active layer, and epitaxial in nature. In this thesis to achieve such a structure we 
grew patterned epitaxial SrRuO3  top electrodes using an MgO hard mask process. To create this 
capacitor structure photoresist (PR) is spin coated onto a ferroelectric/SrRuO3/substrate hetero-
structure (Figure 2.4a-b). The PR is then exposed and developed generating an inverse mask of the 
device structure to be fabricated (Figure 2.4c). A hard mask of MgO is then deposited on the sur-
face using either electron-beam evaporation or PLD (Figure 2.4d), and the PR is lifted off in ace-
tone (Figure 2.4e).  Following lift off the sample is descumed using a plasma cleaner, and high-tem-
perature (550 °C) top SrRuO3 is grown using PLD (Figure 2.4f). During this process care is taken 
to minimize the time that the sample is at high temperatures and low pressure in order to minimize 
any potential Pb loss from the film. Following SrRuO3 growth the hard mask is etched using phos-
phoric acid revealing the patterned SrRuO3 contacts (Figure 2.4g). Capacitor structures fabricated 
using this approach have been shown to give excellent symmetric leakage performance, improved 
fatigue, high retention, and excellent thermal stability [240].
2.2.2 Low-Field Permittivity Measurements of Ferroelectric Thin Films
One of the most basic properties of any dielectric material is its ability to become polarized 
in the presence of an electric field (dielectric susceptibility) and this material property is crucial 
for many high-performance applications. For instance, materials with large dielectric constants 
(high-k) are needed as gate electrode materials [280-282], low dielectric materials are needed to 
insulate conductive components in microelectronic devices [283, 284], and highly-field tunable di-
electrics are needed for tunable radio frequency (RF)-devices [17, 18, 285]. In turn, there has been 
significant research interest in how to control the dielectric properties of materials [31, 125, 186, 
286-288]. Moreover, from a fundamental perspective the dielectric response of a material can pro-
vide insight into the physical nature of the field dependent responses as the relative contributions 
to the dielectric response can be altered by changing the magnitude/frequency of the excitation 
voltage allowing the dielectric nonlinearity to be assesed [12, 289, 290].To quantify dielectric non-
linearity in ferroelectric materials the so-called Rayleigh law has been evoked. This concept was 
originally developed by Lord Rayleigh in 1887 in response to an empirical observation that the 
magnetic permeability is linearly dependent on the applied magnetic field (over an intermediate 
field range) [291].Based on this observation, a mechanism was derived involving the motion of a 
domain wall within a potential well which can be driven to overcome the energy barrier of this well 
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(by the application of an external fi eld) [292, 293]. More recently, this approach has been applied to 
ferroelectrics to explain the observation of dielectric non-linearity. Typically dielectric responses 
are categorize into intrinsic responses associated with the average response of all domain variants 
within the lattice and extrinsic responses (consisting of reversible and irreversible contributions)
primarily associated with a fi eld induced change in volume fraction of domain variants [289, 294, 
295]. When domain walls are excited to move around (by changing their volume fraction) they 
randomly encounter defects that are both electronic and ionic in nature. Th ese randomly distribut-
ed defects act as pinning sites creating a barrier for domain wall motion [294, 296]. Th erefore, it is 
possible to conceptualize the energy landscape for a domain wall as existing in a varying potential 
determined by the type and density of pinning defects (Figure 2.5a) [294, 297, 298].When the do-
main wall is perturbed with a small packet of energy it can move around within its current potential 
well, resulting in a reversible extrinsic domain wall contribution. On the other hand, if the packet 
of energy is greater than the barrier height the domain wall can hop between local potential wells, 
undergoing irreversible domain wall motion and generating an irreversible domain wall contribu-
tion to the dielectric permittivity. 
To experimentally measure and extract importance of each of these contributions detailed 
dielectric measurements must be undertaken. Th roughout this thesis the dielectric susceptibility 
(defi ned as iij
j
P
E
ε
∂
=
∂
) was measured by applying a small ac voltage using an inductance, capaci-
tance, resistance (LCR) meter to a parallel plate capacitor, generating a fi eld along the out-of-plane 
direction (i.e., the [00l]), enabling the measure of capacitance (C ) and loss. From these measure-
ments it is possible to calculate the dielectric permittivity (ε33) from C=ε0 ε33A/t where A is the area, 
t is the thickness. Typically, when 
fi rst analyzing the dielectric response 
of a ferroelectric material it is im-
portant to determine the appropriate 
small-signal ac excitation to exclude 
dielectric non-linearity (i.e., the irre-
versible extrinsic contributions). To 
determine this voltage so-called 
Rayleigh studies can be conducted 
Figure 2.5.  (a) Schematic illustration of position dependent domain 
wall energy. (b) Typically dielectric permittivity measurement as a func-
tion of ac excitation showing the three regimes defi ned by Rayleigh’s Law.
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where the permittivity is measured over a range of ac excitations voltages at a given frequency (typ-
ically 1-10 kHz).  In conducting these measurements there are three clear regions of response (Fig-
ure 2.5b) [286]. Region I, where the response is nearly invariant with increasing excitation (repre-
sentative of intrinsic and reversible extrinsic contributions). Region II, also called the Rayleigh re-
gion, where the permittivity increases linearly with increasing ac excitation. And, Region III, where 
the onset of ferroelectric switching has occurred. From these measurements, Region II, can be fit 
using the Rayleigh law rev irr acEε ε α= +33  where εrev and αirr are the reversible and irreversible 
Rayleigh coefficients, which are representative of the reversible and irreversible domain wall con-
tributions [286, 294]. Using such measurements, it is possible to choose an ac excitation below the 
threshold field where irreversible contributions to the permittivity become active, allowing subse-
quent measurements of permittivity (as a function of frequency, dc voltage, etc.).
2.2.3 Measurement of Ferroelectric Hysteresis 
Beyond measuring the dielectric response, it is also useful to measure ferroelectric hyster-
esis loops which provides insight into the switching process (see section 1.4). Typically, to measure 
ferroelectric hysteresis loops an external bi-polar triangular waveform is applied to a ferroelectric 
capacitor structure. If the combined energy of the triangular waveform (in terms of voltage and 
frequency) exceeds the coercive field the polarization switches, necessitating a change in the com-
pensating charge carriers at the electrode interface. This movement of compensating charge carri-
ers generates a measurable current. If no current flows through the capacitor, the polarization can 
be measured using P idt Eε= −∫ 0  where i is the current and t is the time. Classically ferroelectric 
hysteresis loops have been measured using a Sawyer-Tower circuit which operates by connecting 
the device under test (DUT) and a reference capacitor in series (so that the charge flow is the same) 
and measuring the voltage across the shunt capacitor (as a bias is externally applied) [265, 299].It is 
important that the reference capacitor have extremely low loss and that its capacitance is such that 
it generates a measurable voltage without causing significant errors in the voltage seen by a DUT. 
Due to these complications and availability of high-quality electronics capable of easily measuring 
currents in the fA range it is possible to directly measure the switching current eliminating com-
mon sources of error [265].With this new accessibility of “black box” electronics capable of mea-
suring ferroelectric hysteresis comes new challenges associated with improper implementation and 
analysis of results. Recently, this problem highlighted in a satirical way by making the implication 
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that researchers are commonly confusing bananas with a ferroelectric material Ba2NaNb5O15 (nick-
named “Bananas”) by showing that charge vs. voltage loops (identical to those published as evi-
dence of ferroelectricity) can be obtained from a skin of a banana; which is obvious not ferroelec-
tric [300].
2.3 Advanced Electrical Characterization of Ferroelectric Thin Films
Throughout this thesis we employ cutting-edge characterization techniques which are in 
the proof-of-concept stage or were developed specifically to observe phenomenon predicted in 
some of the unique materials studied in this thesis. The following section will outline the various 
operating principals of these techniques and the methodology used for analysis. 
2.3.1 High-Field Permittivity Measurements of Ferroelectric Thin Films
While we have previously shown how low-field permittivity measurements can effectively 
separate out the reversible and irreversible extrinsic contributions to the dielectric permittivity this 
measurement is unable to isolate the intrinsic and extrinsic contributions. Classically, measure-
ment of intrinsic permittivity of ferroelectric materials has been achieved in one of three ways: 1) 
By growing monodomain films without domain walls [301], 2) By measuring the dielectric re-
sponse at high frequencies (in the gigahertz regime) where the domain walls no longer respond 
[302-305], and 3) By measuring the dielectric response at temperatures (approaching absolute 
zero) where domain wall motion is assumed to be frozen [186, 306-308]. The major drawbacks of 
these methods are: 1) Inability to measure intrinsic response of polydomain films and inability to 
grow some structures in monodomain form, 2) Difficulty designing and implementing high-fre-
quency measurements on ferro-
electric thin films, 3) The high cost 
and limited availability of cryogen-
ic systems. In this thesis we took a 
simple and inexpensive alternative 
approach to measure the intrinsic 
permittivity by measuring the di-
electric permittivity under high dc 
biases, where the dc bias acts to pin 
Figure 2.6.  Demonstration of methodology used for extraction of intrin-
sic and extrinsic contributions to the dielectric permittivity using high-bias 
fields (a) shows typical measurement of capacitance vs. frequency with in-
creasing dc bias fields. (b) extracted fits to the high- and low-  field regimes 
indicating the extrinsic (green) and intrinsic (purple) response.
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domain wall motion, suppressing its response [241, 287, 309].To do these measurements, the sam-
ples were pre-poled in the direction of applied background dc bias. Capacitance vs. frequency mea-
surements (from 1–100 kHz) were measured over a range of applied background dc electric fields 
(Figure 2.6a). The resulting curves were fit to the equation ε33=εi-αflogf extracting the field-depen-
dence of the permittivity intercept (εi) and slope (αf). We then plot εi as a function of the back-
ground dc electric field (Figure 2.6b). These plots typically show two regimes, a low-field regime 
(where the response consists of both intrinsic and extrinsic contributions, shown in green) and a 
high-field regime (where the response is thought to be reflective of only the intrinsic response, 
shown in purple). The slope and intercepts of linear fits in the low-field regime correspond to the 
extrinsic tunability (αex, which describes how the applied dc electric field suppresses the extrinsic 
response) and the zero-field extrinsic permittivity (εex), respectively. The slope and intercepts of 
linear fits in the high-field regime correspond to the intrinsic tunabilitiy (αin, which describes how 
the external dc electric field suppresses the intrinsic response) and the zero-field intrinsic permit-
tivity (εin), respectively. It has been demonstrated that this technique is capable of extracting intrin-
sic permittivity values similar to those obtained using the aforementioned approaches; however, 
prior to this work, this method has yet to be broadly applied to the study of ferroelectric thin films 
[241].
2.3.2 Pyroelectric Measurements of Ferroelectric Thin Films
From a device standpoint there is significant interest in using ferroelectric thin films for 
nanoscale pyroelectric energy harvesting and sensing components capable of being integrated into 
microelectronic devices. Measuring pyroelectric response in thin films is difficult leading some to 
call it “one of the least-known properties of solid materials” [310].While there are adequate tech-
niques to measure pyroelectric response in the bulk materials, including extraction of remanent 
polarization from temperature dependent hysteresis loops [59, 311, 312], laser-induced sample 
heating [313], and linear resistive heating methods [314]; these techniques lack the temperature 
stability and are unable to properly exclude thermally stimulated currents, complicating their im-
plementation in thin films [315].  Nevertheless, these approaches have still been applied to thin 
films [59, 311, 312, 316-318]. In this thesis, we utilize a phase-sensitive pyroelectric measurement 
approach which can overcome some of these challenges (Figure 2.7a) [319, 320].To conduct these 
measurements epitaxial SrRuO3 heterostructures were fabricated, as previously described, and 
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Figure 2.7.  (a) Schematic illustration of phase-sensitive measurement technique for pyroelectric measurements us-
ing a sinusoidal temperature oscillation. (b) shows a typical measurement results for pyroelectric current measure-
ments on a 200 µm diameter PbZr0.2Ti0.8O3 capacitor.
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mounted onto a heater using silver paint. Th e heater was set to sinusoidally oscillate the tempera-
ture at a frequency of 0.05-0.2 Hz (Figure 2.7b, black curve), controlled via a computer controlled 
feedback loop between the heater power and sample surface temperature (measured on top of a 
reference substrate). Th e pyroelectric current generated ( ip) depends on the rate of temperature 
change dT
dt
 
 
 
 as  =  
 
πp
dTi A
dt
, where π is the pyroelectric coeffi  cient and A is the area of the capacitor. 
Additionally, the temperature change results in a change in thermally stimulated current (is ), which 
is linearly dependent on the temperature, is = iso+λTh ermT, where iso is the thermally stimulated cur-
rent at room temperature and λTh erm is a constant associated with the average trap state energy. In 
turn, the sinusoidal temperature change generates thermally stimulated current in-phase with- and 
pyroelectric current out-of-phase with the temperature change. Th e sum of these currents can be 
measured using a current to voltage converter (mounted in close proximity to the DUT). It is worth 
noting that the experimentally measured currents are extremely small, typically on the order of 
~100 fA for dT/dt = 1-10 K/min for a 200 µm capacitor. Due to the extreme sensitivity of this mea-
surement it necessitates that the fi lms are extremely insulating and that high-quality epitaxial elec-
trodes are used.
To extract the pyroelectric current from these measurements the temperature curve is fi t 
using T=T0sin(ωt) where T0 is the amplitude of the temperature oscillation and ω is the angular 
frequency of oscillation. Using a similar approach, the extracted current can be fi t using icur=i0s-
in(ωt+θ) where θ is the phase off set between the temperature and current. Once fi t the pyroelectric 
coeffi  cient (π) can be obtained (Equation 2.1). It is worth noting that in literature it is common to 
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Figure 2.7.  (a) Schematic illustration of phase-sensitive measurement technique for pyroelectric measurements us-
ing a sinusoidal temperature oscillation. (b) shows a typical measurement results for pyroelectric current measure-
ments on a 200 µm diameter PbZr0.2Ti0.8O3 capacitor.
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mounted onto a heater using silver paint. Th e heater was set to sinusoidally oscillate the tempera-
ture at a frequency of 0.05-0.2 Hz (Figure 2.7b, black curve), controlled via a computer controlled 
feedback loop between the heater power and sample surface temperature (measured on top of a 
reference substrate). Th e pyroelectric current generated ( ip) depends on the rate of temperature 
change dT
dt
 
 
 
 as  =  
 
πp
dTi A
dt
, where π is the pyroelectric coeffi  cient and A is the area of the capacitor. 
Additionally, the temperature change results in a change in thermally stimulated current (is ), which 
is linearly dependent on the temperature, is = iso+λTh ermT, where iso is the thermally stimulated cur-
rent at room temperature and λTh erm is a constant associated with the average trap state energy. In 
turn, the sinusoidal temperature change generates thermally stimulated current in-phase with- and 
pyroelectric current out-of-phase with the temperature change. Th e sum of these currents can be 
measured using a current to voltage converter (mounted in close proximity to the DUT). It is worth 
noting that the experimentally measured currents are extremely small, typically on the order of 
~100 fA for dT/dt = 1-10 K/min for a 200 µm capacitor. Due to the extreme sensitivity of this mea-
surement it necessitates that the fi lms are extremely insulating and that high-quality epitaxial elec-
trodes are used.
To extract the pyroelectric current from these measurements the temperature curve is fi t 
using T=T0sin(ωt) where T0 is the amplitude of the temperature oscillation and ω is the angular 
frequency of oscillation. Using a similar approach, the extracted current can be fi t using icur=i0s-
in(ωt+θ) where θ is the phase off set between the temperature and current. Once fi t the pyroelectric 
coeffi  cient (π) can be obtained (Equation 2.1). It is worth noting that in literature it is common to 
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convert pyroelectric coeffi  cients through a Maxwell conversion 
P S
T E
∂ ∂   =   ∂ ∂   
 to extract electro-
caloric temperature change (Equation 2.2), where CE is the heat capacity [24, 57, 59, 60, 311, 321-
323]. However, there is evidence that this approach might not be applicable in thin fi lms where 
secondary mechanical contributions (or elastocaloric eff ects) can be signifi cant [324, 325].During 
the time of this work two additional high-frequency pyroelectric measurement approaches based 
on the 2ω method [326, 327], and a laser intensity modulated method [325, 327], have been devel-
oped. While these techniques require signifi cantly more investment in terms of fabrication and 
infrastructure they are able to access pyroelectric responses at more practically relevant frequencies 
(kHz-MHz) and under the application of electric fi eld. In turn, these approaches enable for the fi rst 
time the accurate direct measurements of pyroelectric and electrocaloric eff ects in ferroelectric 
thin fi lms [324, 3].
2.4 Advanced Structural Characterization of Ferroelectric Thin Films
2.4.1 Band-Excitation Piezoresponse Force Microscopy Imaging
From our previous discussion of single- and dual-frequency PFM the challenges associated 
with changing contact resonances was emphasized. It is critical to remove these bandwidth limita-
tions to measure the piezoresponse without artifacts imposed by changing cantilever dynamics. To 
Figure 2.8.  Schematic illustration of work fl ow for band-excitation piezoresponse force microscopy imaging. (a) 
Typical frequency domain plot of band-excitation signal chosen to excite the cantilever near the cantilever resonance. 
(b) Example band-excitation (BE) sinc waveform in time domain used to excite the tip at a range of frequencies. (c) 
 Schematic drawing of AFM cantilever in contact with surface. (d) Typical cantilever resonance response shown in 
frequency domain. Red dashed line shows the fi t, based on equations 2.3-4. Characteristic variables which defi ne the 
cantilever/material response are indicated. 
a b dc
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do this, we applied band-excitation piezoresponse force microscopy (BE-PFM) [267, 328],which 
uses a computer generated waveform (Figure 2.8a-b) spanning a band of frequencies near the can-
tilever resonance to electrically perturb the sample (Figure 2.8c). The response of the cantilever can 
then be measured with a high-speed data acquisition system and Fourier transformed (Figure 2.8d) 
into frequency domain. Since, at each point along a scan, the measurement collects the amplitude 
(A) and phase (φ), at each coordinate in space (x,y), and frequency (ω), the data takes the form of 
two {A, φ }, 3D matrices (x, y, ω). Following data collection, assuming that the tip-sample interac-
tion is weak, the amplitude and phase can be fit to a SHO model (equation 2.3-4, Figure 2.8d, red 
curve) [267].
(2.3)
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Following fitting, the error of the fits can be evaluated (i.e., the quality of the deconvolution), 
and if good, the data yields (x,y) maps of resonance amplitude (A0), resonance frequency (ω0), and 
Q-factor or dissipation (Q) as well as the phase (φ) of the response. Therefore, with the proper care, 
the application of BE-PFM enables the exclusion of cross-talk (associated with position dependent 
changes in the cantilever resonance) minimizing the contribution from the tip-surface interaction 
[267, 328]. 
2.4.2 Band-Excitation Piezoresponse Force Microscopy Switching Spectroscopy 
Building off the added accuracy of BE-PFM imaging it is possible to add additional dimen-
sionality to the measurements, providing deeper insight into the response of the material. Specifi-
cally, instead of just measuring {A, φ}(x, y, ω) we can add an additional dc-voltage dimensionality 
to the measurement [i.e., {A, φ}(x, y, ω, Vdc )] enabling local piezoelectric hysteresis loops to be 
measured while taking advantage of the enhanced measurement precision provided by band-exci-
tation (BE) in a technique called band-excitation switching spectroscopy (BE-SS) [267, 328-331].
To do this, we superimposed a n x n grid (n > 50) on a previously scanned region of interest (Figure 
2.9a), with a horizontal fast scan and vertical slow scan direction. At each point, a full bipolar tri-
angular switching waveform is applied to the cantilever (Figure 2.9b-d). Readout of the 
Figure 2.9.  Schematic illustration of work flow for band-excitation piezoresponse force microscopy switching spec-
troscopy measurements. (a) Schematic of the sampling, and fast and slow scan direction used for imaging. (b) Example 
BE excitation sinc waveform in time domain used to excite the tip at a range of frequencies. (c) Triangular switching 
waveform used to locally switch the film. Inset highlights where the sinc function is applied, note the magnitude of the 
sinc function is magnified for visual purposes. (d) Schematic drawing of AFM cantilever in contact with surface. (e) 
Typical cantilever resonance response shown in frequency domain. Red dashed line shows the fit, based on equations 
2.3-2.4 (f) Typical piezoelectric hysteresis loop obtained from BE-SS.
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do this, we applied band-excitation piezoresponse force microscopy (BE-PFM) [267, 328],which 
uses a computer generated waveform (Figure 2.8a-b) spanning a band of frequencies near the can-
tilever resonance to electrically perturb the sample (Figure 2.8c). Th e response of the cantilever can 
then be measured with a high-speed data acquisition system and Fourier transformed (Figure 2.8d) 
into frequency domain. Since, at each point along a scan, the measurement collects the amplitude 
( A) and phase (φ), at each coordinate in space (x,y), and frequency ( ω), the data takes the form of 
two {A, φ }, 3D matrices (x, y, ω). Following data collection, assuming that the tip-sample interac-
tion is weak, the amplitude and phase can be fi t to a SHO model (equation 2.3-4, Figure 2.8d, red 
curve) [267].
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Following fi tting, the error of the fi ts can be evaluated (i.e., the quality of the deconvolution), 
and if good, the data yields (x,y) maps of resonance amplitude (A0), resonance frequency (ω0), and 
Q-factor or dissipation (Q) as well as the phase (φ) of the response. Th erefore, with the proper care, 
the application of BE-PFM enables the exclusion of cross-talk (associated with position dependent 
changes in the cantilever resonance) minimizing the contribution from the tip-surface interaction 
[267, 328]. 
2.4.2 Band-Excitation Piezoresponse Force Microscopy Switching Spectroscopy 
Building off  the added accuracy of BE-PFM imaging it is possible to add additional dimen-
sionality to the measurements, providing deeper insight into the response of the material. Specifi -
cally, instead of just measuring {A, φ}(x, y, ω) we can add an additional dc-voltage dimensionality 
to the measurement [i.e., {A, φ}(x, y, ω,  Vdc )] enabling local piezoelectric hysteresis loops to be 
measured while taking advantage of the enhanced measurement precision provided by band-exci-
tation (BE) in a technique called band-excitation switching spectroscopy (BE-SS) [267, 328-331].
To do this, we superimposed a n x n grid (n > 50) on a previously scanned region of interest (Figure 
2.9a), with a horizontal fast scan and vertical slow scan direction. At each point, a full bipolar tri-
angular switching waveform is applied to the cantilever (Figure 2.9b-d). Readout of the 
Figure 2.9.  Schematic illustration of work fl ow for band-excitation piezoresponse force microscopy switching spec-
troscopy measurements. (a) Schematic of the sampling, and fast and slow scan direction used for imaging. (b) Example 
BE excitation sinc waveform in time domain used to excite the tip at a range of frequencies. (c) Triangular switching 
waveform used to locally switch the fi lm. Inset highlights where the sinc function is applied, note the magnitude of the 
sinc function is magnifi ed for visual purposes. (d) Schematic drawing of AFM cantilever in contact with surface. (e) 
Typical cantilever resonance response shown in frequency domain. Red dashed line shows the fi t, based on equations 
2.3-2.4 (f) Typical piezoelectric hysteresis loop obtained from BE-SS.
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piezoresponse is conducted in the off -state (remanent state) by superimposing a BE-waveform 
(sense pulse). Th is whole process happens rapidly (total elapsed time < 5 ms). Following acquisi-
tions the data is fi t using SHO model as previously described (Figure 2.9e), yielding data of the 
form {A0, ω0, Q, φ}(x, y, Vdc). By optimizing the rotation angle of the phase (φ) to maximize the real 
component of the mixed-signal hysteresis loop (A0cosφ) it is possible to generate local piezoelectric 
hysteresis loops of the same general form as typical macroscopic ferroelectric hysteresis loops (Fig-
ure 2.9f). 
2.4.3 Fitting of Conventional Piezoelectric Hysteresis Loops
Once BE-SS is completed, it is useful to extract and fi t the piezoelectric hysteresis loops 
to aid in the visualization process. To begin the fi tting process, piezoelectric hysteresis loops need 
to be obtained from conventional piezoresponse butterfl y loops (Figure 2.10a) and phase loops 
(Figure 2.10b). To do this, the optimum rotation angle is determined by shift ing the phase (φ) to 
maximize the real component of the hysteresis loop [A0cos (φ)] while minimizing the imaginary 
component [A0sin(φ)].  Once the piezoresponse hysteresis loops are obtained, the top and bottom 
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branches of the hysteresis loop are isolated and fit (equation 2.5-8, Figure 2.10c-d).
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where, Vdc is the dc voltage, b1-b4 control the sharpness of the loop corners (as bx0 corner ap-
proaches 90°), b5-6 control the rate of transition from b1 to b2, and b3 to b4, respectively, b6-7 locate the 
midpoint of the transition from b1 to b2 and b3 to b4, respectively, a1 and a2 represent the bottom and 
top saturation amplitudes, a3 represents the linear contribution, Ec-,+ represents the negative and 
positive coercive bias, respectively. All these parameters are depicted schematically (Figure 2.10e). 
This set of empirical equations was derived because it represents the loop shape well and has em-
pirical parameters which can be correlated to common loop shape features. To demonstrate the 
quality of the fits, we show an example piezoresponse hysteresis loop fit using these empirical equa-
tions (Figure 2.10d, solid black line). From this fitting it is evident that these empirical equations fit 
the hysteresis loops well and accounts for all features of the ferroelectric hysteresis loop.  
Once fit, it is possible to calculate a wide variety of loop shape features which provide in-
sight into the switching process. For instance, one can calculate the local: loop height, loop width, 
coercive fields, nucleation bias (defined as the bias where a 3% change in the loop height has been 
reached), the voltage and amplitude centroids (from the raw and fitted data), work of switching (the 
loop area, once again calculated from the raw and fitted data), etc.,. All of these parameters can be 
plotted as images allowing visualization of the local variance in response which can be correlated 
to the domain structure. Since these measurements generate “big data” they are ideal candidates to 
be interpreted using statistical methods. At the most basic level it is possible to create thresholds 
to partition the data to isolate the response in a domain variant. At a higher level, techniques like 
principal component analysis can be used to identify regions of variance [332, 333] and k-means 
clustering can be used to statistically group data amongst a multi-dimensional space [334].In this 
Figure 2.10. (a) Typical piezoelectric butterfly loop and (b) phase loop extracted from band-excitation switching spec-
troscopy. (c) Typical piezoelectric hysteresis loop extracted after phase optimization of Acos(φ). (c) Example piezoelec-
tric hysteresis loop showing correction for the linear contribution. (d) Example final piezoelectric hysteresis loop, black 
line indicates a typical loop fit based on equation (2.5-8). (e) Piezoelectric hysteresis loop showing the location of the 
primary fitting parameters.
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work, all instrumentation, instrumentation control, and basic computational processing of conven-
tional piezoelectric hysteresis loops were completed using software and graphical user interfaces 
designed in LabviewTM and MatlabTM designed and provided by Oak Ridge National Laboratory.
2.4.4 Nanobeam Diffraction Strain Mapping
As previously mentioned, typically in literature it is assumed (due to measurement difficul-
ties) that films are either nearly coherently strained or are fully relaxed; however, in actuality, films 
commonly seek routes to accommodate strain (giving rise to inhomogeneous strains). To fully 
understand the strain state in the film it is crucial to be able to quantify inhomogeneous strains on 
an appropriate length scale. Classically, inhomogeneous strain has been quantified using X-ray 
diffraction; however, this approach is not suitable as it can only measure the average inhomoge-
neous strain. More recently, high resolution transmission electron microscopy (HR-TEM) geomet-
ric phase analysis (GPA) has been employed to locally image inhomogeneous strains in ferroelec-
tric thin films [166, 335, 336]. Once again, this approach is imperfect, as it is unable to accurately 
branches of the hysteresis loop are isolated and fit (equation 2.5-8, Figure 2.10c-d).
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where, Vdc is the dc voltage, b1-b4 control the sharpness of the loop corners (as bx0 corner ap-
proaches 90°), b5-6 control the rate of transition from b1 to b2, and b3 to b4, respectively, b6-7 locate the 
midpoint of the transition from b1 to b2 and b3 to b4, respectively, a1 and a2 represent the bottom and 
top saturation amplitudes, a3 represents the linear contribution, Ec-,+ represents the negative and 
positive coercive bias, respectively. All these parameters are depicted schematically (Figure 2.10e). 
This set of empirical equations was derived because it represents the loop shape well and has em-
pirical parameters which can be correlated to common loop shape features. To demonstrate the 
quality of the fits, we show an example piezoresponse hysteresis loop fit using these empirical equa-
tions (Figure 2.10d, solid black line). From this fitting it is evident that these empirical equations fit 
the hysteresis loops well and accounts for all features of the ferroelectric hysteresis loop.  
Once fit, it is possible to calculate a wide variety of loop shape features which provide in-
sight into the switching process. For instance, one can calculate the local: loop height, loop width, 
coercive fields, nucleation bias (defined as the bias where a 3% change in the loop height has been 
reached), the voltage and amplitude centroids (from the raw and fitted data), work of switching (the 
loop area, once again calculated from the raw and fitted data), etc.,. All of these parameters can be 
plotted as images allowing visualization of the local variance in response which can be correlated 
to the domain structure. Since these measurements generate “big data” they are ideal candidates to 
be interpreted using statistical methods. At the most basic level it is possible to create thresholds 
to partition the data to isolate the response in a domain variant. At a higher level, techniques like 
principal component analysis can be used to identify regions of variance [332, 333] and k-means 
clustering can be used to statistically group data amongst a multi-dimensional space [334].In this 
Figure 2.10. (a) Typical piezoelectric butterfly loop and (b) phase loop extracted from band-excitation switching spec-
troscopy. (c) Typical piezoelectric hysteresis loop extracted after phase optimization of Acos(φ). (c) Example piezoelec-
tric hysteresis loop showing correction for the linear contribution. (d) Example final piezoelectric hysteresis loop, black 
line indicates a typical loop fit based on equation (2.5-8). (e) Piezoelectric hysteresis loop showing the location of the 
primary fitting parameters.
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resolve strain in highly defective regions (i.e. locations with large unit cell rotations) and has a 
limited field of view [337, 338].To overcome these limitations we employed a new technique (for 
the first time in ferroelectrics) based on nanobeam electron diffraction (NBED) that calculates 
elastic strains and rigid-body crystal rotations directly from nanobeam diffraction patterns [338]. 
In the TEM, a nanobeam probe is formed and diffraction patterns are collected in a grid pattern 
while the beam is rastered across the sample. Each diffraction pattern contains information on the 
crystal orientation and elastic strain which can be cal-
culated from the spacing and angles of the diffraction 
spots. To do this, the position of the centroids of the 
diffractions spots are calculated and compared to the 
positions of the diffractions spots of the unstrained 
pattern (Figure 2.11). A convolution mask is then con-
structed in the shape of a NBED disk with the intensity 
near the edge of the disk being weighted more heavily. 
This weighting helps avoid dynamic diffraction effects 
in the disk interiors. A sub-pixel resolution cross-correlation algorithm is then applied to the con-
volution mask and the individual diffraction patterns to detect the centroids of the NBED disks. A 
reference spot was selected in the scan and designated as giref. Subsequently, for each diffraction 
pattern of the transformation matrix T was computed from the diffraction vectors gi using gi = T 
giref. Polar deconvolution was used to separate the transformation matrix T into a rotation matrix R 
and a symmetric strain matrix U. In-plane and out-of-plane strains were computed by εxx = 1-U00 
and εyy = 1-U11 and the shear and rotation can be computed using εxy = 1-R01  and θ = cos-1R00. Unlike 
GPA, NBED has few restraints in terms of sample, scan geometry and map area making it the ideal 
candidate to image inhomogeneous strains in ferroelectric thin films. For example, NBED has been 
used to map out elastic strains in a GaAs/GaAsP multilayer device over a 1x1 µm region containing 
significant internal crystal rotations while still maintaining an elastic strain resolution of 0.1% 
[338], something that would not be possible using the more restrictive GPA approach [233].
Figure 2.11. Reference mask compared to location 
of diffraction spots in a measured pattern. Shifts 
of the diffraction spots between the reference and 
measured patterns are mapped onto each other us-
ing the transformation matrix T.
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ChApTER 3 
GROWTh AND STRUCTURAL STUDIES OF 
SINGLE-LAYER pbZr1-xTixO3 ThIN FILMS
In this chapter, we explore how composition and strain can be used to tune the crystal and 
domain structure, and ultimately the dielectric and ferroelectric responses of PbZr1-xTixO3 thin 
films. We begin with a discussion of how epitaxial strain can be used to modify the crystal and do-
main structure in PbZr0.2Ti0.8O3 thin films, a model tetragonal ferroelectric. We demonstrate that 
large strains (~1% tensile strains) can be achieved due to strain accommodation via ferroelastic 
domain formation; however, similar magnitudes of compressive strain cannot be achieved. We ob-
serve that these films form classical c/a/c/a domain structures whose a domain fraction increases 
with increasing tensile strain. We explore how the presence of strain and the density of ferroelastic 
domain structures influences the ferroelectric hysteresis and dielectric permittivity (in terms of 
the reversible and irreversible domain wall contributions) in these heterostructures. In the second 
section of this chapter, we investigate how composition and strain influences the crystal, domain 
structure, and ultimately the dielectric and ferroelectric responses of PbZr1-xTixO3 thin films. We 
observe that PbZr0.52Ti0.48O3 and PbZr0.8Ti0.2O3 form dense (possibly nanoscale) mosaic domain 
structures. These heterostructures as a result of their dense ferroelastic domain structure give rise 
to highly tilted ferroelectric hysteresis loops and large dielectric responses. We show that these 
enhanced dielectric responses (which are maximized in PbZr0.52Ti0.48O3 heterostructures) are pri-
marily attributed to large extrinsic contributions to the dielectric permittivity and the possibility of 
polarization rotation (in PbZr0.52Ti0.48O3 heterostructures). This chapter while providing some new 
insight is included primarily to set a foundation for our discussion in the chapters which follow.
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3.1 Design of Epitaxial pbZr0.2Ti0.8O3 Thin Films
When designing heterostructures for a specific application it is important to consider the 
crystal and domain structure, lattice mismatch, crystallographic orientation, chemistry, electrode 
material and configuration, and much more, as they can all significantly affect the susceptibilities 
of the ferroelectric layer. In this thesis, we limit the scope of our discussion to ferroelectric layers 
within the PbZr1−xTixO3 family. PbZr1−xTixO3 is a good prototypical ferroelectric systems to study as 
it possesses large susceptibilities (i.e. dielectric, piezoelectric, pyroelectric, etc.), has a large polar-
ization, low coercive fields, and high Curie temperatures [61]. Additionally, the PbZr1−xTixO3 fami-
ly offers useful structural flexibility through the application of chemical pressure (by varying Zr/Ti 
ratios) creating competition between tetragonal (Ti-rich) and rhombohedral (Zr-rich) phases (Fig-
ure 3.1a) [339]. Between these phases exists a nearly temperature-independent phase boundary 
called the morphotropic phase boundary (MPB, occurring at x = 0.48) [53, 340, 341]. In addition 
to the structural changes that can occur, the bulk lattice parameters also evolves with composition. 
Specifically, the lattice parameter 
evolution is nearly linear through-
out the entire compositional range, 
with the exception of at the MPB 
where there is a discontinuous 
change in lattice parameter and 
slope of the lattice parameter evolu-
tion (Figure 3.1b). 
Beyond chemical pressure, epitaxial thin-film strain can be utilized to further alter the 
structure and, in turn, the response of ferroelectric layer [13]. For instance, much work has been 
focused on Ti-rich PbZr1-xTixO3 variants, which in general, has shown that lattice mismatch 
s b
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 −
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100%  with the substrate acts via the Poisson relationship (assuming that the Pois-
son ratio is ~0.3 for most ferroelectric materials) [53, 265] to exert a change in the out-of-plane 
lattice parameter. If the elastic compliances (Sxx) and electrostrictive coefficients (Qxx) of the film are 
known, a more precise prediction of the out-of-plane lattice parameter is possible (equation 3.1) 
[111]. 
Figure 3.1.  (a) Phase diagram of the PbZr1-xTixO3 system. (b) Lattice pa-
rameter evolution with increasing chemical compositions.
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At a critical point, however, the strain can no longer persist and the material accommodates 
the growing strain energy by forming defects or, if possible, domain structures [84, 342]. It has been 
well established that strain and the presence of domains can dramatically influence the magnitude 
of the spontaneous polarization, Tc, dielectric, piezoelectric, and pyroelectric susceptibilities, and 
much more [125, 182, 301]. Despite these observations, the limited availability of closely lattice 
match substrates and electrodes (up until recently) has relegated the study of strain-engineering 
in ferroelectrics thin films primarily to the Ti-rich PbZr1-xTixO3 variants which are closely lattice 
matched to the most common commercially available perovskite substrates and electrode materi-
als. In the first part of this chapter, we demonstrate the effects of epitaxial strain in PbZr0.2Ti0.8O3, a 
prototypical tetragonal ferroelectric, to explore how strain can influence crystal and domain struc-
ture, and ultimately how these strain-engineered structures impacts the electrical, dielectric, and 
ferroelectric responses. In the second part of this chapter we expand our treatment to include com-
positions across the PbZr1-xTixO3 compositional spectrum to, once again, determine the effect of 
composition, crystal and domain structure on the ferroic susceptibilities.
3.2 Growth of Epitaxial pbZr1-xTixO3 Thin Films
All heterostructures used in this treatment were grown using pulsed-laser deposition. All 
films were supported on a thin layer (15-30 nm) of SrRuO3 grown at 635-700 ºC at a pressure of 
100 mTorr of oxygen, at a laser fluence of 1-1.7 J/cm2 (see Appendix B for the methodology used 
to calculate laser fluence). A laser repetition rate of 10-16 Hz was used to grow SrRuO3. Follow-
ing SrRuO3 growth, the PbZr1-xTixO3 layer was grown at 635-680 ºC in 100-250 mTorr of oxygen. 
For PbZr1-xTixO3 growth, the laser fluence was between 1.2-2 J/cm2 at a repetition rate of 1-10 Hz. 
PbZr1-xTixO3 was grown from targets which are 10% Pb excess to compensate for any potential Pb 
loss. For all growths the target-heater spacing was fixed at a distance of 6.5 cm producing growth 
rates of 7-9 nm/min and 3.5-50 nm/min for the SrRuO3 and PbZr1-xTixO3 layers, respectively. Fol-
lowing growth all films were cooled to room temperature at a rate of 5 ºC/min in 760 Torr of oxy-
gen.
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3.3 Crystal and Domain Structure, and Ferroic Responses of pbZr0.2Ti0.8O3 
heterostructures 
3.3.1 X-ray Diffraction Studies (XRD) of PbZr0.2Ti0.8O3 Heterostructures
To provide a foundation for our explorations of PbZr1-xTixO3 thin films with various chem-
istries it is worth discussing in brevity the effects of misfit strain on the crystal, domains structure 
and ferroic susceptibilities in PbZr0.2Ti0.8O3. The results presented in this chapter are consistent with 
recently published results [125, 194]. PbZr0.2Ti0.8O3 is a prototypical ferroelectric of the tetragonal 
PbZr1-xTixO3 family with lattice constants (at 300 K) of a = 3.94 Å and c = 4.12 Å [316, 343]. This 
composition of PbZr1-xTixO3 has been used and studied extensively due to its simple structure, 
relative high Tc (~420 ºC), and robust spontaneous polarization (Ps ~65-70 µC/cm2). PbZr0.2Ti0.8O3 
is particularly attractive to study in thin film form as there are many commercially available sub-
strates capable of producing 00l oriented films with misfit strains of ~±1% [301].To study the effects 
of strain on the crystal and domain structures we grew 100 nm PbZr0.2Ti0.8O3/15 nm SrRuO3/het-
erostructures on SrTiO3 (001), DyScO3 (110), TbScO3 (110), and GdScO3 (110) single crystal sub-
strates (Crystec GmbH, Berlin). These substrates were chosen as they provide a lattice mismatch 
with the PbZr0.2Ti0.8O3 of -0.8%, 0.3%, 0.7%, and 0.9%, respectively. 
 Detailed XRD 2θ-ω scans of the heterostructures reveal that all heterostructures are single 
phase (00l)-oriented (Appendix C). High-resolution scans about the 002-diffraction condition re-
veal that the out-of-plane lattice parameter of the PbZr1-xTixO3 layer increases (decreases) with in-
creasing compressive (tensile) strain. As the tensile strain increases, the necessary fraction of a 
domains is expected to, and has been previously shown to increase [81-83, 125, 194]. These a do-
mains, due to geometric reasons are tilted away from the substrate normal [81-83], and therefore, 
a 2θ-ω scan along the substrate diffrac-
tion condition does not satisfies the dif-
fraction condition. To observe these a 
domains, we conducted XRD reciprocal 
space maps (RSM) which measures a se-
ries of 2θ-ω scans, at various ω values, 
about the 002-diffraction condition of 
PbZr1-xTixO3. These RSM show no 
Figure 3.2.  Symmetric reciprocal space maps about the 002-dif-
fraction condition for PbZr0.2Ti0.8O3 for films grown on substrates 
with increasing tensile strain (a) SrTiO3 (001) and (b) GdScO3 (110).
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evidence of a domains in the compressively strained heterostructure on SrTiO3 (Figure 3.2a), how-
ever, as the tensile strain increases, as is the case for the heterostructures on GdScO3 (Figure 3.2b), 
a peak from the in-plane oriented a domains emerges. The intensity of this peak is found to in-
crease with increasing tensile strain an indication that the volume fraction of in-plane oriented a 
domains increases with tensile strain (Appendix C). To further characterize the strain state detailed 
asymmetric RSM about the 103-diffraction condition for the PbZr1-xTixO3 were measured (Appen-
dix C). It was found that all heterostructures were coherently strained to the substrates, with the 
exception of those heterostructures grown on SrTiO3 which show indication of relaxation. 
3.3.2 Piezoresponse Force Microscopy Studies of PbZr0.2Ti0.8O3 Heterostructures
From the XRD studies we observed diffraction peaks corresponding to in-plane oriented a 
domains. To directly image and determine the density and spatial dependence of these domain 
structures, high-resolution tapping mode height images (Figure 3.3a-d) and piezoresponse force 
microscopy images of the domain structures were obtained (Figure 3.3e-h). The presence of a do-
mains can be seen by looking for bands along the [100]c/pc or [010]c/pc directions which have crystal-
lographic tilts at the surface, a reduction (enhancement) in local piezoresponse in the out-of-plane 
(in-plane) direction, and a change in phase of the measured piezoresponse. Starting with the het-
erostructures grown on SrTiO3 (Figure 3.3a,e), which imposes a 0.8% compressive strain on the 
Figure 3.3.  High resolution tapping mode height images of PbZr0.2Ti0.8 O3 heterostructures under various substrate 
imposed misfit strains on (a) SrTiO3 (001), (b) DyScO3 (110), (c) TbScO3  (110), and (d) GdScO3 (110). Piezoresponse 
amplitude images of PbZr0.2Ti0.8 O3 heterostructures on (e) SrTiO3 (110), (f) DyScO3 (110). (g) TbScO3 (110), and (h) 
GdScO3 (110).
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PbZr1-xTixO3 layer we notice a clearly defined cross-hatched pattern which would commonly be 
interpreted as a domains. This observation is a somewhat surprising considering the XRD studies 
do not show any indication of a domains. This seeming discrepancy might be an indication that 
these topographic structures are not actually a domain, but instead, surface ripples, which result 
from changes in surface diffusion and crystal growth, caused by strain fields from misfit disloca-
tions that form as the film relaxes [344]. Now focusing on the heterostructures grown on DyScO3 
(Figure 3.3b,f) which imposes a small tensile misfit strain of 0.3%, there is a single, narrow a do-
main visible, an expected result considering the small tensile misfit strain. Moving on to the hetero-
structures grown on substrates with increasing tensile strain, we observe, as expected, that the 
density and volume fraction of a domains increases slightly and significantly in the heterostruc-
tures grown on TbScO3 (Figure 3.3c,g) and GdScO3 (Figure 3.3d,h), respectively.
3.3.3 Dielectric and Ferroelectric Responses of PbZr0.2Ti0.8O3 Heterostructures
To explore how the evolution of crystal and domain structure influences the ferroelectric 
response parallel plate capacitors were fabricated using the MgO hard mask process (as described 
in section 2.2.1) ferroelectric hysteresis loops were measured at various frequencies from 1-100 
kHz. Here, we show ferroelectric hysteresis loops measured at 10 kHz for all heterostructures stud-
ied in this treatment (Figure 3.4a). Due to the high quality of the heterostructures measurements of 
ferroelectric hysteresis reveal square 
hysteresis loops, with near closure, large 
saturation, and remanent polarization 
on all substrates. Additionally, due to 
the symmetric nature of the electrodes 
(see Appendix C for I-V measurements) 
there is negligible electrode induced im-
print which commonly results in voltage 
shifted hysteresis loops. From these hysteresis loop measurements the coercive fields were found to 
be nearly invariant on all substrates. While Psat and Prem was found to increase (from 60 to 100 µC/
cm2) with increasing compressive strain (from GdScO3 to SrTiO3). This observation can be at-
tributed to two factors: 1) as the compressive strain increases the tetragonality of the unit cell also 
increases, causing the polarization to increase, and 2) as the tensile strain increases the volume 
Figure 3.4.  Room temperature (a) ferroelectric hysteresis loops 
(b) Dielectric permittivity as a function of low-field biases (Rayleigh 
studies) of PbZr0.2Ti0.8O3 heterostructures on various substrates.
Electric Field (kV/cm)
-200 -100 0 100 200
-100
-50
0
50
100
Po
la
riz
at
io
n 
(µ
C
/c
m
2 )
Electric Field (kV/cm)
0 5 10 15 20 25
0
100
200
300
Pe
rm
itt
iv
ity
 (ε
r)SrTiO3
SrTiO3  αirr=0.66 cm/kV
DyScO3
DyScO3  αirr=
1.67 cm/kV
TbScO3
TbScO3 
αirr=2.62
 cm/kV
GdScO3
GdScO3
 αirr=
3.52 cm
/kVa b
47
fraction of a domains increases, and since these a domains are in-plane polarized they do not con-
tribute to the out-of-plane polarization. 
It has been well established that the presence of domains can contribute to the dielectric 
response [289, 294, 295].To understand how the domain structure influences the dielectric sus-
ceptibility in this model system detailed Rayleigh studies were undertaken (as described in section 
2.2.2, Figure 3.4b). By looking at the dielectric permittivity in region I (the low-field regime), which 
measures the intrinsic and reversible domain wall contributions, it is evident that the dielectric 
permittivity scales with the tensile strain, and in turn, the domain density. It is worth noting that 
the low dielectric response observed in the SrTiO3 heterostructures is again an indication that the 
observed topological features (from the PFM studies) are not actually a domains, and instead are 
of a different origin (such as surface ripples). Now, focusing on region II (the Rayleigh regime), the 
slope in this region, once again, increases monotonically with increasing tensile strain/a domain 
density, as expected. By fitting the linear portion of the response in region II, αirr a measure of the 
irreversible domain wall contribution can be extracted. αirr, once again, as expected, is found to 
increase with increasing tensile strain/a domain density.
3.4 Design and Growth of Epitaxial pbZr1-xTixO3 heterostructures 
Armed with this information we can expand our treatment to look at the influence of com-
position on the crystal and domain structure of PbZr1-xTixO3 heterostructures with various chem-
istries. To do this, we grew a series of heterostructures using the same methods and conditions as 
previously described. For this study we focus on three compositions PbZr0.2Ti0.8O3, PbZr0.52Ti0.48O3 , 
and PbZr0.8Ti0.2O3. All heterostructures in this study were supported on 15-20 nm of SrRuO3 bottom 
electrodes and the thickness of the PbZr1-xTixO3 layer was fixed at ~100 nm thick. When increasing 
the Zr concentration the bulk lattice parameter increases and the phase evolves from tetragonal 
to rhombohedral. These changes in the crystal structure and limited availability of commercially 
available substrate and electrode materials makes it impossible apply a similar degree of strain 
across this compositional range. Instead, for this study we chose to grow all heterostructures on 
GdScO3 (110) apc=3.973 Å. We chose GdScO3 as it has one of the largest in-plane lattice parameters 
of the commonly available substrates upon which high-quality, single-phase, smooth, and epitax-
ially strained SrRuO3 bottom electrodes can be grown. In turn, as we vary the composition across 
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the PbZr1-xTixO3 spectrum the lattice mismatch evolves from 0.8% tensile for PbZr0.2Ti0.8O3, to 1.9% 
compressive for PbZr0.52Ti0.48O3, to 3.5% compressive for PbZr0.8Ti0.2O3.
3.4.1 X-ray Diff raction Studies of PbZr1-xTixO3 Heterostructures
Asymmetric RSM about the 332 diff raction condition of the substrate, 103 diff raction con-
dition of the PbZr1-xTixO3 fi lm are provided (Figure 3.5a-c). Starting with the PbZr0.2Ti0.8O3 hetero-
structure (Figure 3.5a). We notice that the PbZr0.2Ti0.8O3 layer is coherently strained having nearly 
the same in-plane lattice parameter (qx value) as the substrate. Moving on to the PbZr0.52Ti0.48O3
heterostructures (Figure 3.5b), there is almost no spectral weight located near the expected strained 
peak position, indicating that the fi lm is completely relaxed. Th e minimal spectral weight located 
near the strained peak position indicates the strain relaxation happens exceedingly fast. Now focus-
ing on the PbZr0.8Ti0.2O3 heterostructure (Figure 3.5c), we again notice that the fi lm is completely 
relaxed. Taking a closer look however, there is signifi cant more spectral weight located near the the-
oretically strained peak position, indicating that strain relaxation happens more gradually eventu-
ally reaching complete relaxation at some fi nite thickness. Th is result is somewhat surprising when 
considering that the PbZr0.52Ti0.48O3 heterostructures relaxed much more rapidly despite having a 
smaller misfi t strain (1.9% compared to 3.5%). Th is diff erence in the rate of strain relaxation is like-
ly related to the multiplicity of energetically equivalent phases and domain variants which can exist 
in PbZr1-xTixO3 compositionally close to the MPB, which could allow for the relaxation of strain in 
ways not possible in PbZr0.8Ti0.2O3 [345-347].
Figure 3.5.  Asymmetric reciprocal space maps about the 103-diff raction condition for (a) PbZr0.2Ti0.8 O3 (b) 
PbZr0.52Ti0.48 O3 (c) PbZr0.8Ti0.2 O3 grown on SrRuO3 (15 nm)/GdScO3 (110).
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3.4.2 Piezoresponse Force Microscopy Studies of PbZr1-xTixO3 Heterostructures
In addition to X-ray diffraction studies the domain structure of these heterostructures can 
be imaged using PFM. We show height, piezoresponse and phase images for all heterostructures 
studied (figure 3.6a-i). Starting again with the PbZr0.2Ti0.8O3 heterostructures (Figure 3.6a-c) we 
observe a typical c/a/c/a domain structure consisting of out-of-plane polarized c domains inter-
spersed with a high density of in-plane oriented a domains. As previously mentioned, this is the 
expected domain structure as the tensile epitaxial strain drives the formation of a domains to ac-
commodate the strain. Now focusing on the PFM of the PbZr0.52Ti0.48O3 heterostructures (Figure 
3.6d-f), we observe very smooth films [root-mean-square (rms) surface roughness <0.5 nm]. The 
PFM images (both phase and amplitude) reveals some contrast; however, the structure is mosaic in 
nature having no crystallographic order. The observed domain structure has features which are 
exceedingly small and are likely well below the lateral resolution limitation of PFM ~20-50 nm. 
Such a domain structure with nanometer scale domain features is expected in PbZr0.52Ti0.48O3, as it 
Figure 3.6.  Images of topography, and piezoresponse amplitude and phase of (a-c) PbZr0.2Ti0.8 O3 (d-f) PbZr0.52Ti0.48 O3 
(g-i) PbZr0.8Ti0.2 O3 grown on SrRuO3 (15 nm)/GdScO3 (110). Vertical height and phase scales are normalized to 4 nm 
and 180° respectively.
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has been predicted that at the MPB the flat energy landscape facilitates the formation of nanoscale, 
or nano-twinned domains [163, 348]. Finally, in the PbZr0.8Ti0.2O3 heterostructures (Figure 3.6g-i), 
we again observe very smooth films (rms surface roughness <0.5 nm) and similar mosaic domain 
structures with minimal crystallographic order. Similar to the PbZr0.52Ti0.48O3 heterostructures, the 
domain structure in the PbZr0.8Ti0.2O3 heterostructures is exceedingly fine, once again possibly be-
low the resolution limitation of PFM. This result indicates that relaxed heterostructures on the Zr-
rich side of the phase diagram form a high density of ferroelectric/ferroelastic domains which 
should result in large extrinsic contributions to the ferroelectric susceptibilities.
3.4.3 Dielectric and Ferroelectric Responses of PbZr1-xTixO3 Heterostructures
To study the influence of the composition, crystal and domain structure of the 100 nm 
PbZr1-xTixO3 heterostructures on the dielectric and ferroelectric responses symmetric SrRuO3 top 
contacts were fabricated as previously described. To begin our discussion, we start by studying the 
ferroelectric hysteresis loops of these heterostructures. Ferroelectric hysteresis loops were mea-
sured for all samples at frequencies of 1-100 kHz. Here, for brevity we show just the ferroelectric 
hysteresis loops measured at 10 kHz (Figure 3.7a). All hysteresis loops show clear ferroelectric 
hysteresis with well-defined saturation and remanent polarization. All loops show minimal evi-
dence of leakage and have near closure, an indication of the high quality of the heterostructures. 
Starting with the PbZr0.2Ti0.8O3 hetero-
structures (shown in blue) the hysteresis 
loops have a square shape and large sat-
uration polarization (~63 µC/cm2). The 
hysteresis loops show a large remanent 
polarization which is nearly identical in 
magnitude to the saturation polariza-
tion. As mentioned previously, the satu-
ration and remanent polarization measured in the PbZr0.2Ti0.8O3 heterostructures on GdScO3 are 
significantly lower than observed in bulk as a result of the tensile strain and large volume fraction 
of in-plane oriented a domains. Now focusing on the hysteresis loops of the PbZr0.8Ti0.2O3 hetero-
structures (red curve), we notice that both the magnitude of the saturation polarization (coercive 
field) is slightly (significantly) lower than observed in the PbZr0.2Ti0.8O3 heterostructures. This slight 
Figure 3.7.  (a) ferroelectric hysteresis loops measured at 10 
kHz  and (b) dielectric permittivity as a function of frequency for 
PbZr1-xTix O3 of various compositions.
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reduction in saturation polarization is expected as the PbZr0.8Ti0.2O3 heterostructures are rhombo-
hedral, having a polarization oriented along the <111> slightly misaligned with the measurement 
direction (i.e., [001]). The remanent polarization in the PbZr0.8Ti0.2O3 heterostructure, while still 
large, is significantly lower than the saturation polarization, an indication that the film might be 
elastically driven to back switch (at least partially) from its poled state. The hysteresis loops are also 
significantly less square being highly tilted away from the polarization axis. This difference in loop 
shape implies that the heterostructures switch more gradually than in the PbZr0.2Ti0.8O3 hetero-
structures. The highly-tilted hysteresis loops observed could be an indication that switching occurs 
in a multifaceted manner, where certain domain variants switch at different coercive biases, or 
where switching includes intermediate metastable states. Finally, looking at the PbZr0.52Ti0.48O3 het-
erostructures (green curve), we notice a significant reduction in both the coercive field, saturation 
and remanent polarization, an observation consistent with previous studies on textured polycrys-
talline thin films [349, 350]. Additionally, the hysteresis loops in the PbZr0.52Ti0.48O3 are tilted to a 
greater extent than the PbZr0.8Ti0.2O3 heterostructures. The tilted nature of the loops could possibly 
be related to a more continuous nature of ferroelectric switching involving the possibility of polar-
ization rotation towards the field axis (as the structure transitions from rhombohedral to tetrago-
nal) through a bridging monoclinic phase which has been theorized [351, 352], and experimental-
ly observed [353-356], in ferroelectrics near MPB. All told, these studies of the ferroelectric hyster-
esis of epitaxial heterostructures across the PbZr1-xTixO3 compositional spectrum reveal the satura-
tion and remanent polarization, coercive fields, and general loop shape are highly dependent on the 
composition, strain state, and domain structure. It is observed that heterostructures which are pre-
dominately polarized along the out-of-plane direction (i.e., PbZr0.2Ti0.8O3) have square hysteresis 
loops with large saturation polarization, while heterostructures with a high density of domains (i.e., 
PbZr0.52Ti0.48O3 and PbZr0.8Ti0.2O3) have reduced coercive fields and highly tilted ferroelectric hys-
teresis loops where the remanent polarization is significantly reduced compared to the saturation 
polarization. 
 Beyond influencing the ferroelectric hysteresis, the chemical composition and domain 
structure has a significant influence on the dielectric susceptibility. For all heterostructures studied 
we measured the dielectric permittivity as a function of frequency (between 1-100 kHz) with an ac 
excitation voltage of 8 mV (Figure 3.7b). Prior to these measurement Rayleigh studies (at 1 kHz) 
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were completed to ensure the measured dielectric response was entirely reversible in nature. When 
analyzing the frequency dependent dielectric response there are two key attributes to consider. 
First, since the intrinsic dielectric response across the PbZr1-xTixO3 spectrum is known to be nearly 
invariant with composition [357], all significant differences in the dielectric permittivity can be 
attributed to differences in the reversible extrinsic domain wall contributions to the dielectric per-
mittivity. Secondly, by analyzing the frequency dispersion (or quenching of the dielectric response) 
from the slope of the frequency dependent dielectric response the relative significance of extrinsic 
ferroelastic domain wall contribution can be assessed [297, 358-360].
Looking first at the magnitude of the dielectric permittivity we notice that the dielectric per-
mittivity is lowest in the PbZr0.2Ti0.8O3 (~235), intermediate in the PbZr0.8Ti0.2O3 (~340) and maxi-
mum in the PbZr0.52Ti0.48O3 heterostructures (~590). This trend makes sense when considering the 
domain structure. First, considering the PbZr0.2Ti0.8O3 heterostructures, which have a high density 
of ferroelastic a domains, the dielectric permittivity was found to be significantly higher than the 
intrinsic permittivity, which for PbZr1-xTixO3 is ~90 [301].This result indicates that a large fraction 
of the response can be attributed to extrinsic domain wall contributions to the dielectric permittivi-
ty, a result consistent with prior reports [125, 194]. Moving on to the PbZr0.8Ti0.2O3 heterostructures, 
which once again have a dense mosaic domain structure, we observe, as expected, an increase in 
the dielectric permittivity to ~340. Once again this large permittivity can be primarily attributed to 
extrinsic domain wall contributions to the permittivity. Finally, in the PbZr0.52Ti0.48O3 heterostruc-
tures we observe a significant increase in dielectric permittivity (compared to the PbZr0.2Ti0.8O3 
and PbZr0.8Ti0.2O3 heterostructures) to ~590, implying that extrinsic domain wall contributions 
dramatically enhance the dielectric response at the MPB. While there is no visual evidence of an 
increased domain fraction in the PbZr0.52Ti0.48O3 heterostructures, compared to the PbZr0.8Ti0.2O3 
heterostructures (due to instrumental limitations), the large dielectric response observed provides 
credence to the theoretical predictions which predict a nanodomain and/or nanotwinned domain 
structures [351-356]. Finally, focusing on the frequency dispersion in dielectric response, we ob-
serve the same trend, where the magnitude is minimum in the PbZr0.2Ti0.8O3, intermediate in the 
PbZr0.8Ti0.2O3, and maximum in PbZr0.52Ti0.48O3. This once again indicates that the large dielectric 
response observed in these heterostructures is primarily the result of a high density of ferroelastic 
domains and their extrinsic contributions to the dielectric permittivity
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3.5 Conclusions
In conclusion, we have grown a series of high-quality PbZr1-xTixO3 heterostructure of var-
ious compositions and strain states. We demonstrate that large strains up to ~1% can be stabilized 
and evaluate the influence of strain and chemistry on the crystal and domain structure, and ul-
timately the dielectric and ferroelectric responses of PbZr1-xTixO3 heterostructures. We show in 
a model tetragonal ferroelectric, PbZr0.2Ti0.8O3, that the density of ferroelastic a domains can be 
tuned using epitaxial strain and that the presence of these domains can significantly enhance the 
dielectric responses, a result consistent with prior reports. Using this foundational knowledge, we 
explore the crystal and domain structure, dielectric, and ferroelectric responses of PbZr1-xTixO3 
heterostructures of various chemical compositions. Specifically, we observe that strain relaxation 
does not follow trends based on misfit strain alone, and instead, occurs more rapidly at the MPB 
where a multiplicity of structural variants are thermodynamically stable. Both the PbZr0.52Ti0.48O3 
and PbZr0.8Ti0.2O3 heterostructures are found to have dense mosaic (potentially nanoscale) domain 
structure, highly tilted ferroelectric hysteresis loops, and large extrinsic dielectric responses (all 
of which are maximized in PbZr0.52Ti0.48O3). We posit that the enhanced responses at the MPB are 
likely attributed the presence of a nanodomain and/or nanotwined domain structures, and the 
possibility of field induced polarization rotation.
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ChApTER 4 
TUNING SUSCEpTIBILITY via MISFIT STRAIN IN 
“RELAXED” MORphOTROpIC phASE BOUNDARY 
pbZr1-xTixO3 EpITAXIAL ThIN FILMS
In the previous chapter, we showed how epitaxial strain can be used as a powerful tool to 
manipulate the properties of ferroelectric materials. But despite extensive work in this regard, few 
studies have explored the effect of epitaxial strain in PbZr0.52Ti0.48O3. Here, we explore how epitaxial 
strain impacts the structure and properties of 75 nm thick heterostructures of PbZr0.52Ti0.48O3. We 
grow and show that single-phase, fully-epitaxial films possess “relaxed” or nearly “relaxed” struc-
tures despite growth on a range of substrates. Subsequent studies of the dielectric and ferroelectric 
properties reveal films with exceedingly low leakage currents which facilitates the measurement of 
low-loss hysteresis loops at frequencies as low as 30 mHz and dielectric response at background 
dc bias fields as large as 850 kV/cm. Despite a seeming insensitivity of the crystal structure to the 
epitaxial strain, the polarization and switching characteristics are found to vary with substrate. 
The elastic constraint from the substrate produces residual strains that dramatically alter the elec-
tric-field response including quenching domain wall contributions to the dielectric permittivity 
and suppressing field-induced structural reorientation. These results demonstrate that substrate 
mediated epitaxial strain in PbZr0.52Ti0.48O3 heterostructures is more nuanced than in conventional 
ferroelectrics with discretely defined phases, yet can have a marked effect on the material properties 
and its responses.
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4.1 Introduction: The Morphotropic phase Boundary in pbZr1-xTixO3
In Chapter 3, we showed how chemistry and epitaxial strain can be used to engineer the 
crystal and domain structure, and ferroic responses in PbZr1-xTixO3 across the compositionally 
spectrum. While there have been many studies focusing on the effects of epitaxial strain in Ti-rich 
PbZr1-xTixO3 variants [125, 194], considerably less work, however, has focused on using epitaxial 
strain to manipulate PbZr0.52Ti0.48O3 and, considering the relatively flat energy landscape near the 
MPB which eliminates the discrete nature of structural variants, the effects of such strain on the 
evolution of the structure and properties are expected to be less intuitive [345-347]. What little 
work that does exist in this regard, focuses on the structural evolution of relatively thick films (>200 
nm) with minimal emphasis on how the structure or potential strain influences the properties [57, 
350, 361].
4.2 Design of Epitaxial pbZr0.52Ti0.48O3 heterostructures
75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3/SrTiO3 (001) (a = 3.905 Å), DyScO3 (110) (pseudocu-
bic apc = 3.944 Å), and NdScO3 (110) (pseudocubic apc = 4.013 Å) heterostructures were grown 
using PLD. For all heterostructures, an on-axis geometry with a target-to-substrate spacing of 6.35 
cm was used. The SrRuO3 bottom electrode was deposited from a stoichiometric target at 645 °C, in 
a 100 mTorr pressure of oxygen, at a laser fluence of 1.2 J cm−2, with a laser repetition rate of 14 Hz. 
The PbZr0.52Ti0.48O3 layer was deposited from a Pb1.1Zr0.52Ti0.48O3 target, at 625 °C, in a 200 mTorr 
pressure of oxygen, at a laser fluence of 1.3 J cm−2, at a laser repetition of 2 Hz. Following growth 
samples were cooled in 700 mTorr of oxygen at a rate of 5 °C/min.  On the various substrates the 
compressive lattice mismatch between the tetragonal- (rhombohedral-) versions of PbZr0.52Ti0.48O3 
and SrTiO3, DyScO3, and NdScO3 are 3.58% (4.05%), 2.62% (3.10%), and 0.91% (1.40%), respec-
tively.
4.3 Surface and Domain Structure of pbZr0.52Ti0.48O3 heterostructures
Atomic force microscopy (AFM) images reveal smooth, atomically-terraced surfaces with 
rms surface roughness of <0.5 nm on all samples. For brevity we show a characteristic topography 
image obtained from a heterostructure grown on a SrTiO3 (001) substrate (Figure 4.1a). The do-
main structures of the heterostructures were probed using vertical band-excitation piezoresponse 
force microscopy (BE-PFM). All BE-PFM images were acquired using a Budget Sensors Multi75-G, 
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Figure 4.1.  (a) Atomic force microscopy topography image of a typical 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3/Sr-
TiO3 (001) heterostructure. Representative vertical band-excitation piezoresponse force microscopy amplitude images 
of 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3 heterostructures grown on (b) SrTiO3 (001), (c) DyScO3 (110), and (d) NdS-
cO3 (110) substrates.
Cr/Pt coated cantilevers.   Images were acquired using a waveform of total sinc character with a 
peak-to-peak amplitude of 1 V and a bandwidth of 60 kHz centered on the cantilever contact reso-
nance frequency. At each point the band-excitation sense pulse was repeated 4 times and the aver-
age response was fi t. Typical BE-PFM amplitude images for all heterostructures are displayed (Fig-
ure 4.1b–d).  Th ere are very few published PFM images of the domain structure of epitaxial 
PbZr0.52Ti0.48O3 and the application of BE-PFM imaging provides potentially the best opportunity 
to image this fi ne-scale and highly-susceptible domain structure [328]. From our imaging, all fi lms 
exhibit similar mosaic domain structures with features on the order of 25-200 nm. Th e scale of 
these features is at, or near, the lateral resolution limit of PFM determined by the fi nite tip radius 
and therefore, it is possible that there are smaller-scale nanodomains which we are unable to re-
solve (note that such domains have been observed in transmission electron microscopy studies) 
[185, 186, 348, 362].In turn, although the BE-PFM images provide some indication of disorder and 
the nature of the domain structure at a length scale >20 nm, it does not provide an exact visual 
representation of the diff erences between the fi lms. We also note that there was no observable 
phase contrast in these images, consistent with fi lms that are fully downward poled due to the elec-
trical boundary conditions imposed by the bottom electrode.
4.4 Crystal Structure of pbZr0.52Ti0.48O3 heterostructures
To gather additional insight into the structural diff erences of these heterostructures the 
samples were probed using XRD. All heterostructures were found to be fully 00l-oriented with no 
evidence of secondary phases (Figure 4.2). Subsequent asymmetric XRD RSM studies about the 
103-diff raction condition of the PbZr0.52Ti0.48O3 (Figure 4.3a–c) indicates that the PbZr0.52Ti0.48O3
fi lms possess considerably broadened diff raction peaks (with smearing towards the cubic line) and, 
Figure 4.2.  Full range 2θ-ω scans 
about the (00l)-diff raction conditions of 
PbZr0.52Ti04.8O3 on various substrates.
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Figure 4.3.  Asymmetric reciprocal space maps about the 103-diff raction condition for PbZr0.52Ti0.48O3/25 nm 
SrRuO3 heterostructures grown on (a) SrTiO3 (001), (b) DyScO3 (110), and (c) NdScO3 (110) substrates.
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Figure 4.1.  (a) Atomic force microscopy topography image of a typical 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3/Sr-
TiO3 (001) heterostructure. Representative vertical band-excitation piezoresponse force microscopy amplitude images 
of 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3 heterostructures grown on (b) SrTiO3 (001), (c) DyScO3 (110), and (d) NdS-
cO3 (110) substrates.
Cr/Pt coated cantilevers.   Images were acquired using a waveform of total sinc character with a 
peak-to-peak amplitude of 1 V and a bandwidth of 60 kHz centered on the cantilever contact reso-
nance frequency. At each point the band-excitation sense pulse was repeated 4 times and the aver-
age response was fi t. Typical BE-PFM amplitude images for all heterostructures are displayed (Fig-
ure 4.1b–d).  Th ere are very few published PFM images of the domain structure of epitaxial 
PbZr0.52Ti0.48O3 and the application of BE-PFM imaging provides potentially the best opportunity 
to image this fi ne-scale and highly-susceptible domain structure [328]. From our imaging, all fi lms 
exhibit similar mosaic domain structures with features on the order of 25-200 nm. Th e scale of 
these features is at, or near, the lateral resolution limit of PFM determined by the fi nite tip radius 
and therefore, it is possible that there are smaller-scale nanodomains which we are unable to re-
solve (note that such domains have been observed in transmission electron microscopy studies) 
[185, 186, 348, 362].In turn, although the BE-PFM images provide some indication of disorder and 
the nature of the domain structure at a length scale >20 nm, it does not provide an exact visual 
representation of the diff erences between the fi lms. We also note that there was no observable 
phase contrast in these images, consistent with fi lms that are fully downward poled due to the elec-
trical boundary conditions imposed by the bottom electrode.
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To gather additional insight into the structural diff erences of these heterostructures the 
samples were probed using XRD. All heterostructures were found to be fully 00l-oriented with no 
evidence of secondary phases (Figure 4.2). Subsequent asymmetric XRD RSM studies about the 
103-diff raction condition of the PbZr0.52Ti0.48O3 (Figure 4.3a–c) indicates that the PbZr0.52Ti0.48O3
fi lms possess considerably broadened diff raction peaks (with smearing towards the cubic line) and, 
Figure 4.2.  Full range 2θ-ω scans 
about the (00l)-diff raction conditions of 
PbZr0.52Ti04.8O3 on various substrates.
2Theta (º)
20 30 40 50
SrTiO3
STO
001
STO
002
DyScO3
DSO
110
DSO
220
NdScO3
NSO
110
NSO
220PZT002
PZT
002
PZT
001
PZT
001
PZT
001
PZT
002
In
te
ns
ity
 (a
rb
. u
.)
Figure 4.3.  Asymmetric reciprocal space maps about the 103-diff raction condition for PbZr0.52Ti0.48O3/25 nm 
SrRuO3 heterostructures grown on (a) SrTiO3 (001), (b) DyScO3 (110), and (c) NdScO3 (110) substrates.
0.71
0.72
0.73
0.74
0.75
qx (Å)
.24 .25 .26
q y
 (Å
)
SrTiO3
103
SrRuO3
103
a b c
qx (Å)
.24 .25 .26
qx (Å)
.24 .25 .26
0.76
0.77
0.78
Strained Tetragonal
Relaxed Tetragonal
Strained Rhombohedral
Relaxed Rhombohedral
PZT
103
PZT
103
PZT
103
DyScO3
332
NdScO3
332
SrRuO3
103
SrRuO3
103
regardless of substrate, a nearly relaxed structure. We note that 
the broadened diff raction peaks makes accurate determination 
of the lattice parameter and phase distribution diffi  cult. Th e 
broadened diff raction peaks are likely the consequence of a 
number of features. First, it is known that anomalous diff rac-
tion, caused by coherent scattering from nanotwinned domains 
[163, 348], can result in broaden diff raction peaks. Second, the 
presence of inhomogeneous strain in the fi lms could also give 
rise to broaden diff raction peaks. Close inspection of the diff raction peaks reveals slight diff erenc-
es between the fi lms. As the misfi t strain decreases (i.e., moving from SrTiO3 to NdScO3) the dif-
fraction peaks are observed to broaden towards larger qx-values (this would be commensurate with 
an increase substrate coherency) while the qy-values remain relatively unchanged between the het-
erostructures. Th is subtle change in the diff raction peak shape suggests that even though the fi lms 
are not perfectly, coherently strained, some level of residual strain from the lattice mismatch per-
sists, to an increasing degree as the lattice mismatch is reduced. To attempt to quantify the degree 
of relaxation in these heterostructures we use the methods described in section 2.1.1. From this 
analysis it is found that the heterostructures on average are ~84% (~52%) relaxed on SrTiO3, ~75% 
(~32%) relaxed on DyScO3, and ~69% (~9%) relaxed on NdScO3 assuming the tetragonal (rhom-
bohedral) bulk lattice parameters, matching the visual trends. Th is diff erence in the strain state is a 
bit surprising, but can potentially explained by the fact that large lattice mismatches can be readily 
accommodated by relaxation via structural variation, domain formation, etc., which occurs to an 
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increasing degree as the misfit strain increases. In turn, only the heterostructures on NdScO3 ex-
hibits a significant amount of residual compressive strain, and as a result, the structure is driven 
towards increased tetragonality. These observations differ dramatically from similar studies of, for 
instance, PbZr0.2Ti0.8O3 where changing the substrate (even in thicker films) commonly results in 
coherently strained, out-of-plane oriented, c domains that are punctuated by varying densities of 
in-plane oriented a domains to accommodate the overall strain state [125]. For PbZr0.52Ti0.48O3, 
however, even in only 75 nm thick films the presence of a number of structural degrees of freedom 
appears to result in rapid accommodation of the strain and an inability to apply epitaxial strains in 
the same regard. Thus, in the end, only films with small lattice mismatches exhibit any strain effects, 
and all others appear fully relaxed.
4.5 Electrical Response of pbZr0.52Ti0.48O3 heterostructures
4.5.1 Leakage Studies of PbZr0.52Ti0.48O3 Heterostructures
Even though the structural and domain characterization suggests minimal differences be-
tween the heterostructures, subsequent studies of the electrical, dielectric, and ferroelectric proper-
ties reveal intriguing differences. These studies were conducted at room temperature using circular 
capacitor structures (25-100 μm in diameter) with symmetric SrRuO3 electrodes fabricated using 
the MgO hardmask process (described in section 2.2.1) 
[240].Leakage measurements show highly symmetric re-
sponse (implying minimal electrode induced imprint in 
the films) with low leakage currents (Figure 4.4), which 
are orders of magnitude lower than similarly processed 
150 nm PbZr0.2Ti0.8O3  heterostructures, as expected 
[363].Overall, the high quality of these films is evident 
and enables non-traditional studies of ultra-slow ferro-
electric hysteresis loops and dielectric measurements at 
high bias fields. 
4.5.2 Ferroelectric Responses of PbZr0.52Ti0.48O3 Heterostructures
The ferroelectric properties of the various PbZr0.52Ti0.48O3 heterostructures were probed as 
a function of frequency between 30mHz–100 kHz. All heterostructures underwent ferroelectric 
Figure 4.4.  Current-voltage measurements 
of 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3 het-
erostructures on various substrates (including, 
for comparison, 150 nm PbZr0.2Ti0.8O3/25 nm 
SrRuO3/GdScO3 (110) heterostructures).
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Figure 4.5.  (a) Ferroelectric hysteresis loops measured at 1 kHz of 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3 heterostruc-
tures on various substrates. (b) Ferroelectric hysteresis loops for PbZr0.52Ti0.48O3/SrRuO3/SrTiO3 (001) heterostructures 
measured at various frequencies. (c) Ferroelectric hysteresis loops for PbZr0.52Ti0.48O3/SrRuO3/SrTiO3  (001) hetero-
structures measured at 30 mHz highlighting the transition region observed in ferroelectric hysteresis loops (indicated 
by the black arrow).
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switching without significant losses even at the lowest frequencies. Characteristic hysteresis loops 
for all heterostructures measured at 1 kHz are provided (Figure 4.5a). All loops are well-saturated, 
with PS ∼ 35-38 μC/cm2 which increases (slightly) with decreasing lattice mismatch between film 
and substrate – consistent with the structural studies which suggest a similar trend in increasing 
residual strain. A similar trend persists in the horizontal offset of the hysteresis loops which in-
creases from 6.5 kV/cm to 18.5 kV/cm for heterostructures grown on SrTiO3 and NdScO3 sub-
strates, respectively, and is indicative of flexoelectric fields, caused by the presence of strain gradi-
ents, which result from the residual inhomogeneous strain [152, 172, 237].
Frequency-dependent ferroelectric hysteresis loop studies, spanning eight decades of fre-
quency, were completed and representative hysteresis loops for heterostructures grown on Sr-
TiO3 substrates are provided (Figure 4.5b). These studies reveal the presence of features which could 
potentially be related to a field-induced structural transition. As the frequency of measurement was 
decreased there is evidence of a transition near ∼150 kV/cm resulting in a change in slope of the 
hysteresis loop (Figure 4.5c). This transition is not observed in the films with increased residual 
strain (i.e., those on DyScO3 to NdScO3) where the strain acts to promote increased tetragonality.
4.5.3 Local Studies of Ferroelectric Switching of PbZr0.52Ti0.48O3 Heterostructures 
The role of this residual strain can be locally probed by measuring the differences in switched 
area following local single point switching. Single point BE-SS within a pre-poled region, was con-
ducted in a 10 × 10 grid. At each point, local piezoresponse and phase loops were extracted using 
the SHO fitting and loop unfolding methodologies (described in section 2.4.2). At each point PFM 
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Figure 4.6.  Band-excitation amplitude image of following single point switching spectroscopy in a sparsely populat-
ed 10 x 10 grid on 75 nm PbZr0.52Ti0.48O3/25 nm SrRuO3  heterostructures supported on (a) SrTiO3 (001), (b) DyScO3 
(110), (c) NdScO3 (110). MatlabTM extracted area of heterostructures grown on (g) SrTiO3 (001), (h) DyScO3 (110), and 
(i) NdScO3 (110).
phase loops indicated that the fi lm underwent ferroelectric switching to saturation. Following 
switching, BE-PFM images of the switched region were acquired, which aft er SHO fi tting produce 
amplitude, phase, resonance frequency and loss images of the switched regions (amplitude images 
on various fi lms aft er switching are provided in Figure 4.6a-c). From these images it is visually ap-
parent that the switched area is signifi cantly larger in the heterostructures grown on SrTiO3 than 
DyScO3 or NdScO3 (which are visually indistinguishable), despite keeping all other factors constant 
(i.e., switching waveform, PFM tip, contact set-point, 
etc.). To quantify the switched area, we calculated the 
number of pixels which exhibited phase inversion from 
the pre-poled state (at each of the switched locations) 
from the corresponding phase image. Th e MatlabTM im-
age processing toolbox was used to isolate independent 
regions where phase inversion occurred. A binary (black 
and white) representation of the phase images with each 
independent switched region marked, for all hetero-
structures variants, is provided (Figure 4.6d-f). Follow-
ing correction for anomalous phase inversion and re-
gions where a single switched region was 
Figure 4.7.  Average switched area extracted 
from the band-excitation piezoresponse force mi-
croscopy phase image represented as a histogram 
– indicating on average larger switched domains 
in heterostructures on SrTiO3, as compared to the 
heterostructures on DyScO3 and NdScO3 sub-
strates.
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unintentionally split the pixels were counted and represented as a histogram (Figure 4.7). The his-
togram of this data confirms the visual observations that the switched area is reduced in films with 
increased residual strain (i.e., DyScO3 to NdScO3). This observation is likely related to the increased 
elastic constraints from the substrate and the presence of a built-in potential, in those heterostruc-
tures with increased residual strain, which could promote back switching following a switching 
pulse. In the end, the presence of an elastic constraint (in the form of a residual epitaxial strain) 
dramatically impacts the nature of switching and, in general, the electric-field dependence of the 
films.
4.5.4 Low-field Dielectric Response of PbZr0.52Ti0.48O3 Heterostructures
The data thus far has illustrated how the elastic constraints from residual epitaxial strain can 
impact the high-field response of PbZr0.52Ti0.48O3 thin films. Here, we move on to probe the impli-
cations of the residual strain on the low-field response – in particular the dielectric permittivity, 
with a special focus on how the elastic constraints impact the extrinsic domain wall contributions. 
We completed two measurements: 1) Rayleigh studies with increasing ac excitation field and 2) 
Figure 4.8.  (a) Dielectric permittivity and (b) loss tangent for all heterostructure variants displayed as a function of 
ac excitation bias represented as field. Frequency dependence of the (c) dielectric permittivity and (d) loss tangent for 
all heterostructure variants. (e) linear fit results from within the Rayleigh regime [marked by the black dashed lines and 
red dashed lines (linear fits) in (a)] which reveal values of εrev and αirr.
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frequency-dependent permittivity measurements at increasing background dc bias; to extract the 
domain wall contributions to the permittivity. For the Rayleigh studies, we report both the dielec-
tric permittivity (Figure 4.8a) and loss tangent (Figure 4.8b) as a function of increasing ac exci-
tation bias. Reversible domain wall contributions are found to persist up to ∼1.33 kV/cm and be-
low this point the dielectric permittivity of all heterostructures is similar (611–640). This measured 
dielectric permittivity is at the low end of previously published values for PbZr0.52Ti0.48O3 films 
(values vary from 600–1300 depending on thickness, processing, and preferred orientation for 
polycrystalline films) [132, 349, 364]. This slightly diminished response is likely the result of the 
elastic constraints imposed by the substrate which tends to suppress domain wall and structural 
contributions [290, 365, 366]. Corresponding frequency-dependent studies of the dielectric per-
mittivity and loss tangent (using an excitation bias of 1 kV/cm, within the reversible regime) were 
also completed (Figure 4.8c-d). It is worth noting that the dielectric loss increases drastically upon 
increasing the measurement frequency above 1–10 kHz; a feature not observed in thin films of 
other compositions of PbZr1-xTixO3 synthesized and probed in a similar fashion. We correlate this 
to the potential freezing out of sluggish domain wall contributions or contributions from collective 
responses only possible in PbZr0.52Ti0.48O3 [367, 368]. The loss tangent is also found to increase 
within the frequency regime where the change in slope of the hysteresis loop stops being observ-
able, which we previously hypothesized is related to a possible structural phase transition near 
∼150 kV/cm. This observation could be an indication that the quenching of this response could be 
the cause of the increased loss observed within this frequency regime. 
Returning now to focus on the ac field dependent Rayleigh studies, within the Rayleigh 
regime (demarcated by the dashed lines, Figure 4.8a) the ac field dependence of the permittivity 
was fitted to the Rayleigh law ε33 = εrev + αirr Eac (r2 > 0.98) where ε33  is the out-of-plane permit-
tivity, Eac is the amplitude of the ac electric field (sense pulse), and εrev and αirr are the reversible 
and irreversible domain wall contributions to the dielectric permittivity, respectively (Figure 4.8e, 
as described in section 2.2.2) [286, 297]. We start by focusing on the αirr values (29.9–33.4 cm/
kV) which are an order of magnitude larger than values extracted from PbZr0.2Ti0.8O3  (1.4 cm/
kV) and PbZr0.8Ti0.2O3  (2.08 cm/kV) heterostructures prepared and probed in a similar fashion 
[172], significantly lower than those reported for bulk PbZr0.52Ti0.48O3 samples, yet comparable to 
values reported for polycrystalline PbZr0.52Ti0.48O3 films [369, 370]. Although the range observed 
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for our heterostructures is somewhat narrow, the films possessing the most residual strain (i.e., 
those grown on NdScO3 substrates) are found to possess reduced αirr, suggesting that the elastic 
constraints impact the domain wall contributions to response in these heterostructures.
4.5.5 High-field Dielectric Response of PbZr0.52Ti0.48O3 Heterostructures
The Rayleigh studies are further supported by applied background dc electric field studies, 
which use a dc bias to suppress the extrinsic (domain wall) contributions, allowing for a quantita-
tive measure of the intrinsic response (as described in section 2.3.1) [241]. In brief, this is achieved 
by fitting the frequency dependence of the permittivity (from 1–100 kHz) at each applied back-
ground dc electric field (from 0 to -850 kV/cm) to the equation ε33 = εi - αf  log f and extracting the 
field-dependence of the permittivity intercept (εi) and slope (αf). Using this approach, the field at 
which extrinsic contributions are suppressed and the zero-field intrinsic permittivity of a material 
can be extracted. Such background dc electric field measurements have been applied to all PbZr0.
52Ti0.48O3 heterostructures studied in this treatment, as well as similarly prepared 100 nm PbZr0.
2Ti0.8O3 and PbZr0.8Ti0.2O3 heterostructures. We represent a small portion of the acquired permittiv-
ity curves for each of the films measured in this treatment (Figure 4.9a-e). This figure shows that 
both the measured permittivity and frequency dispersion (represented by the slope of the curves) 
decreases as the dc background field is increased. This change in the dielectric response is the result 
of freezing out the extrinsic contributions to the response under high fields [195, 287]. In turn, the 
measured permittivity is closely related to the intrinsic permittivity of the material [359]. We then 
plot the field-dependence of the intercept (εi) as a function of the background dc electric field for 
all heterostructure variants (Figure  4.10a-e). These plots show two regimes, a low-field regime 
(where the response consists of both intrinsic and extrinsic contributions, shown in purple) and a 
high-field regime (where the response is thought to be reflective of only the intrinsic response, 
Figure 4.9.  Dielectric permittivity curves as a function of frequency with increasing dc background bias measured 
with an ac excitation bias of 8 mV for 100 nm (a) PbZr0.2Ti0.8 O3 and (b) PbZr0.8Ti0.2 O3 heterostructures on GdScO3 (110) 
and for 75 nm PbZr0.52Ti0.48 O3 heterostructure supported on (c) SrTiO3 (001), (d) DyScO3 (110), and (e) NdScO3 (110). 
n.b. to aid in visualization only a small subset of the measured data is shown.
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Figure 4.10.  Extracted zero frequency permittivity as a function of increasing background fi elds for (a) PbZr0.2Ti0.8O3, 
(b) PbZr0.8Ti0.2O3, heterostructures supported on GdScO3 (110) and PbZr0.52Ti0.48O3 heterostructures grown on (c) Sr-
TiO3 (001), (d) DyScO3 (110), and (e) GdScO3 (110) substrates. Regions where linear fi ts were computed are shown as 
red dashed lines. Th e regions representing the intrinsic, intermediate, and extrinsic regimes are colored green, red, and 
purple, respectively.
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shown in green). Th e slope and intercepts of the linear fi ts in the low-fi eld regime correspond to the 
extrinsic tunability (αex, which describes how the applied dc electric fi eld suppresses the extrinsic 
response) and the zero-fi eld extrinsic permittivity (εex), respectively. Th e slope and intercepts of 
linear fi ts in the high-fi eld regime correspond to the intrinsic tunability (αin, which describes how 
the external dc electric fi eld suppresses the intrinsic response) and the zero-fi eld intrinsic permit-
tivity (εin), respectively.
In the low-fi eld regime the PbZr0.52Ti0.48O3 fi lms have nearly identical εex (625-700) which 
are considerably larger than those for PbZr0.2Ti0.8O3 (272) and somewhat larger than that for 
PbZr0.8Ti0.2O3 (549). Furthermore, the αex values of the PbZr0.52Ti0.48O3 heterostructures are simi-
lar indicating that the extrinsic tunabilities are comparable (-2.65 to -3.06 cm/kV) and similar to 
that for PbZr0.8Ti0.2O3 (-3.04 cm/kV), but much larger than that for PbZr0.2Ti0.8O3 (-0.36 cm/kV). 
Upon application of higher fi elds, we again see a diff erence between the PbZr0.52Ti0.48O3 (and PbZr0.
8Ti0.2O3) heterostructures which undergo the transition to the high-fi eld regime (where extrinsic 
contributions are quenched) at fi elds of magnitude 100-200 kV/cm and the PbZr0.2Ti0.8O3 hetero-
structures which do not transition until fi elds of magnitude 400 kV/cm. Finally, in the high-fi eld 
regime, PbZr0.52Ti0.48O3 and PbZr0.8Ti0.2O3 heterostructures exhibit comparable αin  (-0.07 to -0.11 
cm/kV) and εin (163-179) while the PbZr0.2Ti0.8O3 heterostructures have reduced αin (-0.03 cm/kV) 
and εin (126) (consistent with prior reports) [195, 241]. 
Th ere are a number of features worth highlighting from this analysis. Overall the 
PbZr0.52Ti0.48O3 and PbZr0.8Ti0.2O3  heterostructures show markedly diff erent response from the 
PbZr0.2Ti0.8O3 heterostructures which can be understood in the context of their domain structures 
and elastic coupling with the substrate. First, εin increases as we move to compositions possessing 
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more Zr. This can be readily understood by the fact that as the Zr-content increases the excitation 
field is applied increasingly along non-polar directions, exciting additional intrinsic contributions 
to the permittivity. Second, αin values are the largest in the PbZr0.52Ti0.48O3 heterostructures, inter-
mediate for the PbZr0.8Ti0.2O3, and smallest for PbZr0.2Ti0.8O3 suggesting that the intrinsic instabil-
ities of PbZr0.52Ti0.48O3 enhances the tunability. Third, εex is larger for both the PbZr0.52Ti0.48O3 and 
PbZr0.8Ti0.2O3 than for PbZr0.2Ti0.8O3 which is likely due to the higher density of domain walls, which 
gives rise to a greatly enhanced extrinsic contribution to the permittivity. Finally, the αex values for 
PbZr0.52Ti0.48O3 and PbZr0.8Ti0.2O3 are similar and nearly an order of magnitude larger than that of 
PbZr0.2Ti0.8O3. This is likely the result of a combination of effects including the adaptability of the 
domain structure and the elastic interactions, which can occur within the film and/or between the 
film and substrate. In these measurements, we pre-pole the sample and then measure with increas-
ing fields applied along that same direction. This quenches or minimizes domain wall contributions 
from ferroelectric (i.e., 180°) domain walls, limiting the extrinsic response to just ferroelastic (i.e., 
non-180°) domain walls. The large αex for the PbZr0.52Ti0.48O3 heterostructures likely results from 
the adaptive nature of the structure and the nearly flat energy landscape which allows for large sus-
ceptibilities. Additionally, because of this adaptability the system can readily adjust the volume sur-
rounding an excited area to accommodate the additional strain energy that forms, thereby reducing 
the clamping effect of the film and substrate (as evidenced by the insensitivity of the material to the 
changing lattice mismatch from the substrates). On the other hand, in PbZr0.2Ti0.8O3, the domain 
structure that forms (i.e., c/a/c/a) is the result of the elastic boundary conditions of the substrate. 
Thus, it is extraordinarily difficult to adjust the domain structure as the domains are strongly cou-
pled to the total strain state of the film. In turn, not only does this reduce αex, but it also increases 
the critical field required to suppress the stiffened domain wall contributions.
The final feature to highlight is found in the PbZr0.52Ti0.48O3 heterostructures grown on 
SrTiO3 substrates. A regime of enhanced susceptibility (occurring between 100-200 kV/cm) is ob-
served (red area, Figure 4.10c) in which there is a change in the slope of field-dependence of the 
permittivity. This regime matches the location of the feature observed in the ferroelectric hysteresis 
loops (Figure 4.5d). Within this region of enhanced susceptibility  εex ∼ 850 and  αex ∼ -3.7 cm/
kV are both considerably larger than observed in low-field regimes for all other samples studied. 
It is possible that this enhanced response arises in the PbZr0.52Ti0.48O3 samples possessing the least 
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residual strain as a result of a field-induced structural transformation towards the applied electric 
field. Such a structural transition could potentially be suppressed in those heterostructures that 
possess larger amounts of residual strain (i.e., DyScO3 to NdScO3).
4.6 pyroelectric Response of pbZr0.52Ti0.48O3 heterostructures
4.6.1 Pyroelectric Response Measured by Temperature Dependent Ferroelectric Hysteresis-
Loops of PbZr0.52Ti0.48O3 Heterostructures
Due to the high quality of the PbZr0.52Ti0.48O3 heterostructures studied in this work, it was 
possible to measure the pyroelectric response over a wide temperature range. This is not typically 
possible due to large leakage and thermally stimulated currents which are significant in most thin 
films at elevated temperatures. Some had suggested that the pyroelectric response should be maxi-
mized at the MPB due to the possibility of undergoing thermally induced structural transforma-
tion, which can give rise to large changes in polarization and thus have the potential for large pyro-
electric responses [371-373]. For 
this study we focus our attention 
on the 75 nm thick PbZr0.52Ti0.48O3 
heterostructures on SrTiO3 (001). 
To measure the pyroelectric re-
sponse of these heterostructures 
we measured temperature-depen-
dent hysteresis loops from 300-460 
K at 20 K temperature intervals. 
The heterostructures were heated at a constant ramp rate of 5°C/min. and allowed to equilibrate at 
each temperature for 15 minutes prior to measurement. At each temperature, hysteresis loops were 
measured on 10 or more capacitors and the average remanent polarization was noted. We show a 
small subset of example hysteresis loops obtained from these measurements (Figure 4.11a). All 
hysteresis loops were well saturated with minimal evidence of leakage even at the highest measure-
ment temperatures. The remanent polarization from these loops were extracted and plotted as a 
function of temperature (Figure 4.11b). The remanent polarization as a function of temperature 
shows a clear linear trend which can be fit to extract a measure of the pyroelectric coefficient. Using 
this approach, the pyroelectric coefficient (π) was found to be -751 µC/m2K. While this approach 
Figure 4.11.  Pyroelectric measurements conducted on PbZr0.52Ti0.48O3 (75 
nm)/SrRuO3 (25 nm)/SrTiO3 (001) heterostructures. (a) Selection of tem-
perature dependent hysteresis loops used to extract remanent polarization 
for calculation of pyroelectric response. (b) Remanent polarization as a 
function of temperature used to approximate pyroelectric response
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to measure pyroelectric coefficient has been extensively used in literature [59, 311, 312], this ap-
proach is known to significantly overestimate the pyroelectric response as it is unable to exclude dc 
leakage and thermally stimulated currents [319, 320].
4.6.2 Phase Sensitive Pyroelectric Measurement of PbZr0.52Ti0.48O3 Heterostructures
To more precisely measure the temperature-dependent pyroelectric response, we conduct-
ed phase sensitive pyroelectric measurements as described in section 2.3.2. To conduct these mea-
surements, the heterostructures were heated and allowed to equilibrate at the desired set point 
temperature (between 300-360 K). Once equilibrated the heater was set to oscillate the temperature 
sinusoidally with a temperature amplitude of 1.25 K at a frequency of 0.02 Hz, while simultaneously 
measuring the current generated at the top electrode. Following data collections, fits of the tem-
perature and current response allows for the calculation of the pyroelectric coefficient and phase 
shifts (a measure of the fraction of the current which is pyroelectric in nature, Figure 4.12a). The fits 
of the temperature-dependent pyroelectric response and phase (Figure 4.12b) reveals that the mea-
sured response is predominantly pyroelectric (phase offset >60) and the pyroelectric coefficient 
is ~-200 µC/m2K, decreasing slightly as the temperature increases. This value for the pyroelectric 
response is significantly lower than found from the temperature dependent hysteresis-loop-based 
method (-751 µC/m2K). This measurement dependent interpretation of the pyroelectric response 
highlights some of the difficulties in measuring and interpreting reported values for pyroelectric 
response in thin films. Comparing the pyroelectric coefficient extracted from the phase sensitive 
pyroelectric measurements, to those obtained on PbZr0.2Ti0.8O3  heterostructures (See Ref. 374), 
contrary to the theoretical prediction, the PbZr0.52Ti0.48O3 heterostructures were found to have a 
Figure 4.12.  Pyroelectric measurements conducted on PbZr0.52Ti0.48O3 (75 nm)/SrRuO3 (15 nm)/SrTiO3 (001) het-
erostructures. (a) Characteristic temperature and current response achieved during phase sensitive pyroelectric mea-
surement. Note that both curves are sinusoidal in nature and phase shifted by nearly 90° (b) Extracted pyroelectric 
coefficient and phase from phase sensitive pyroelectric measurements as a function of temperature.
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pyroelectric responses significantly lower than PbZr0.2Ti0.8O3  heterostructures. This unexpected 
outcome could be attributed to not being located close enough to the phase boundary to invoke 
thermally-induced structural transformations, the slight misorientation between the polarization 
direction <111> and the measurement direction [001], and/or the possibility of oppositely poled 
domains which generate pyroelectric responses of opposite senses. All told, what is most important 
to take away from this study is the paramount importance of the methods and methodologies used 
to predict and interpret pyroelectric response in ferroelectric thin films. 
4.7 Conclusions
In this chapter, we take an in-depth look at how epitaxial strain in the form of lattice mis-
match can impact the evolution of crystal and domain structure, and ultimately the properties of 
PbZr0.52Ti0.48O3 thin films. In general, this work highlights the complexity of strain evolution in 
the highly-adaptable PbZr0.52Ti0.48O3 material and how the innate flat energy landscape can skirt 
classical assumptions of epitaxial thin-film strain. In the end, high-quality, single-phase films of 
PbZr0.52Ti0.48O3 were shown to exhibit significantly different field induced dielectric responses when 
grown on various substrates despite the appearance of a “relaxed” crystal structure. Local probes 
of switching in these heterostructures reveal distinct differences in the average switched area of the 
heterostructures which depend on the lattice mismatch with the substrate, as a result of changes to 
the corresponding elastic boundary conditions of the film. Subsequent dielectric and ferroelectric 
studies reveal transitions in ferroelectric switching at ultra-low frequencies and in the dielectric 
response at high dc fields that suggest that reduced residual strain promotes full adaptability of the 
structure under applied fields and, as a result, enhanced electric field susceptibility and tunability. 
Moreover, we demonstrate the importance of the measurement approach in obtaining an accurate 
measure of pyroelectric response and show surprisingly that the pyroelectric response is slightly 
suppressed in epitaxial thin films near the morphotropic phase boundary (compared to tetragonal 
PbZr1-xTixO3 variants).  Overall, PbZr0.52Ti0.48O3 – and other systems with highly-adaptable struc-
tures – may not be beholden to the classic effects of epitaxial strain in the same manner as more 
conventional materials. Nonetheless, the role of strain or residual strains in materials possessing 
elastic order is something that must not be overlooked as it can lead to non-intuitive and useful 
observations, and can alter ferroic susceptibilities and response.
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ChApTER 5 
COMpLEX EVOLUTION 
OF BUILT-IN pOTENTIAL AND RESpONSES IN 
COMpOSITIONALLY-GRADED pbZr1-XTiXO3
In the previous chapter we explored the effects of epitaxial strain on the crystal and domain 
structure, and the resulting electrical, dielectric and ferroic responses in heterostructures with 
compositions spanning the PbZr1-xTixO3 phase diagram. Throughout these studies due to the lim-
ited availability of well latticed matched substrates and electrode materials we ran into limitations 
in the magnitude of epitaxial strain which we could impose. Here, we explore how compositional-
ly-graded heterostructure can be used to skirt some of the limitations of strain engineering allow-
ing large strains to be achieved. To do this, we grew a series compositionally-graded heterostruc-
tures where we vary chemical composition and film thickness to demonstrate how these structures 
can be used to achieve strain, crystal and domain structures not possible in heterostructures of a 
single composition. Specifically, we observe that large epitaxial strains can be achieved in compo-
sitionally-graded heterostructures if large local changes in lattice mismatch are avoided and that 
the domain structures take a form highly influenced by the domain structure of the PbZr1-xTixO3 
composition at the substrate interface. Using this approach, we demonstrate that it is possible to 
achieve large strain gradients, and in turn, large flexoelectric effects and fields (i.e., built-in poten-
tials) which give rise to horizontally-shifted hysteresis loops, highly-suppressed dielectric permit-
tivity, and improved pyroelectric figures of merit. In our study of this phenomenon, we observe a 
non-intuitive evolution of the built-in potential, which does not scale directly with the magnitude 
of the strain gradient as would be expected. Instead, large built-in potentials are observed in com-
positionally-graded heterostructures that contain: 1) compositional gradients that traverse chem-
istries associated with structural phase boundaries (such as the morphotropic phase boundary), 
and 2) ferroelastic domain structures. In turn, the built-in potential is observed to be dependent 
on a combination of flexoelectric effects (i.e., polarization–strain gradient coupling), chemical-gra-
dient effects (i.e., polarization–chemical potential gradient coupling), and local inhomogeneities 
(in structure or chemistry) that enhance strain (and/or chemical potential) gradients such as areas 
with nonlinear lattice parameter variation with chemistry or near ferroelastic domain boundaries.
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5.1 Introduction to Compositionally-Graded heterostructures
Historically, due to the inherent complexity of perovskite ferroelectrics, research has fo-
cused primarily on ferroelectric heterostructures of a single composition. This constraint can limit 
creativity in designing novel crystal and domain structures with potentially exciting properties un-
achievable in compositionally-homogeneous ferroelectrics. Recently, there has been growing inter-
est in using advance growth techniques capable of producing complex bilayer [172, 331, 375-377] 
and superlattice structures [131-137, 139, 141, 142, 163, 378] with at least one ferroelectric layer, 
and have shown using these approaches that it is possible to produce remarkable domain structures 
and properties. For instance, in PbZr1-xTixO3, it has been shown that design of bilayer heterostruc-
tures can give rise to enhanced dielectric and piezoelectric responses [375], and that superlattice 
structures can be utilized to deterministically control the spontaneous polarization, dielectric con-
stant, Curie temperatures, and even produce vortex polarization states [135, 136, 139, 379]. 
In an alternative approach, compositionally-graded heterostructures, formed from smooth-
ly varying solid solutions have shown considerable promise in extending our capability to control 
epitaxial strain. Such compositional gradients have been implemented in semiconductor epitaxy 
(e.g., SixGe1-x and In1-xGaxAs) to engineer strain to form dislocation-free epilayers and for band-
gap control [380-382]. In ferroelectrics, compositionally-graded heterostructures are less stud-
ied; however, the few prior works on compositionally-graded ferroelectric (in systems including 
PbZr1-xTixO3 and Ba1-xSrxTiO3) have focused on relatively thick heterostructures (>300 nm), where 
effects of epitaxial strain are nearly non-existent. Nevertheless, these studies revealed a range of 
novel phenomena such as the presence of built-in electric fields [234, 237], shifted hysteresis loops 
[202, 234, 237, 383], and large susceptibilities [384]. 
In addition, recently, it has been recognized that strain need not be homogeneous and re-
searchers have worked to develop routes to deterministically create inhomogeneous strains to fur-
ther control materials [151, 152, 172, 195-197]. The presence of strain gradients are particularly 
interesting in ferroelectrics because of the potential for strong so-called flexoelectric effects. Flex-
oelectricity refers to the linear coupling of a strain gradient (∂εij/∂xk) to the polarization (Pi) of a 
material which is mediated by a fourth-rank flexoelectric tensor (μijkl). While large strain gradients, 
on the order of 105 m–1, are possible in thin films through the use of mechanical stress [43, 199, 
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200], and defect and domain engineering [151, 152, 165, 166], control of these strain gradients is 
diffi  cult, complicating any theoretical studies of fl exoelectric eff ects whose contributions and mag-
nitude is still highly contested [216, 230]. Despite the open theoretical questions, these large strain 
gradients produce large fl exoelectric eff ects (or eff ects that mimic those arising from fl exoelec-
tricity) that can alter the ferroic response of materials [167, 212], allow for mechanically induced 
ferroelectric switching [43, 199, 200], drive horizontal shift s of ferroelectric hysteresis loops [201, 
202, 234], and allow for independent tuning of typically coupled ferroelectric susceptibilities [196]. 
Compositionally-graded heterostructures represent a model system capable of generating 
large strain gradients which can easily be controlled by the chemical composition (bulk lattice pa-
rameter) and thickness, as long as the heterostructure remains coherently strained to the underly-
ing substrate. In this chapter, we explore deterministic routes to control the strain state and gradi-
ents, crystal and domain structure, and the dielectric, ferroelectric and pyroelectric responses of 
these materials by designing compositionally-graded PbZr1–xTixO3 heterostructures with controlled 
chemistry and thickness.
5.1.1 Introduction to Compositional Gradients in PbZr1-xTixO3
As previously mentioned, looking at the 
composition-phase diagram of the PbZr1–xTixO3 sys-
tem (Figure 5.1a) there is a structural competition 
between tetragonal and rhombohedral symmetry 
on the Ti- and Zr-rich sides, respectively, which 
is separated by the morphotropic phase bound-
ary where phase competition between these two 
phases exists. Likewise, the room-temperature 
lattice parameter-composition evolution (Figure 
5.1b) reveals that the lattice parameters do not 
vary linearly with composition and instead chang-
es rapidly near the morphotropic phase boundary 
(MPB, x = 0.48). On the basis of this information, 
we focused on compositionally-graded hetero-
structures PbZr1–yTiyO3⇔PbZr1–xTixO3/30 nm 
Figure 5.1.  (a) PbZr1–xTixO3 phase diagram, adapted 
from B. Jaff e et al.53, 340 (b) Bulk lattice parameter (black) 
and calculated misfi t strain with GdScO 3 (110) (blue) 
spanning across the PbZr1–xTixO3 phase diagram.
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SrRuO3/ GdScO3 (110) (a = 5.45 Å, b = 5.75 Å, c = 7.93 Å, pseudocubic apc = 3.96 Å).  Growth on 
GdScO3 substrates provides lattice mismatches between −4.6 to 2% as one transitions from PbZ-
rO3 to PbTiO3 (Figure 5.1b, right axis). All heterostructures are named on the basis of the variation 
of the Zr-content upon transitioning from the substrate interface (x) to the free surface of the fi lm 
(y) in the form (x,y). In all cases, the composition of the bottom-most PbZr1–xTixO3 layer is chosen 
to be the composition with the least lattice mismatch to the substrate [with the exception of the 
(80,20) heterostructures] and all compositional gradients are controlled to be linear in nature.
5.2 Growth of Compositionally-Graded pbZr1-xTixO3 heterostructures
All fi lms were grown using pulsed-laser deposition with an on-axis geometry (target-to-sub-
strate spacing of 6.35 cm). Th e SrRuO3 bottom electrode was deposited from a stoichiometric target 
at 645 °C, in 100 mTorr pressure of oxygen, at a laser fl uence of 1.8 J cm−2, and a laser repetition 
rate of 13 Hz. Th e PbZr1-xTixO3 layers were grown at a temperature of 560-600 °C, at a pressure of 
200 mTorr of oxygen, a laser fl uence of 1.9 J cm−2, and a laser repetition rate of 3 Hz. Composi-
tionally-graded heterostructures were synthesized by continuously varying the composition from 
PbZr1-xTixO3 to PbZr1-yTiyO3 by controlling the number of pulses between two end-member targets 
of Pb1.1Zr0.2Ti0.8O3 and Pb1.1Zr0.8Ti0.2O3 using a programmable target rotator (Neocera, LLC) synced 
with an excimer laser. Mixing of the targets was done such that each semi-discrete level (defi ned 
programmatically) deposited a sub-unit cell layer. Following growth samples were cooled in 760 
mTorr of oxygen at a rate of 5 °C/min.
5.3 Design of Compositionally-Graded pbZr1-xTixO3  heterostructures
In this work, we studied seven compositionally-graded-heterostructure variants, which are 
separated into two groups. First is a series probing the eff ects of fi lm thickness variation wherein we 
probe 50, 75, 100, and 150 nm thick (20,80) compositionally-graded heterostructures (Figure 5.2a). 
Th ese thicknesses were selected because they permit a large variation in the magnitude of the max-
imum theoretical average strain gradient (from 8.7 × 105 m–1 to 2.9 × 105 m–1 for the 50 and 150 nm 
Figure 5.2.  Schematic illustrations of compositionally-graded heterostructures studied in this work (a) (20,80) 
compositionally-graded heterostructures of various thickness, (b) (20,45), (c) (40,60), and (d) (80,20) compositional-
ly-graded heterostructures. 
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thick heterostructures, respectively). Note that the theoretical strain gradients can be obtained by 
taking the difference in the misfit strain between the substrate and the bulk lattice parameter of the 
parent phases at the substrate–film interface and the free surface, and dividing by the film thickness 
[values for lattice parameters are provided (Figure 5.1b)]. In addition to the strain gradient effects, 
variation of thickness is a well-established pathway to alter the form and density of the ferroelastic 
domain structure [81-83, 385].
The second series of heterostructures focusing on 100 nm thick (20,45), (40,60), (20,80) and 
(80,20) heterostructures was chosen to probe the effects of varying the nature of the compositional 
gradient (Figure 5.2b-c). This series of compositionally-graded heterostructures was selected for 
three primary reasons: 1) the (20,80) heterostructures (4.3 × 105 m–1) have approximately double 
the strain gradient of the (20,45) (i.e., 2.2 × 105 m–1) and (40,60) (i.e., 2.5 × 105 m–1) heterostructures 
which allows us to probe the effect of varying strain gradient magnitude, 2) the (20,80) and (40,60) 
heterostructures include the MPB composition, while the (20,45) heterostructures do not, allowing 
the role of the nonlinear lattice parameter evolution near the MPB in this system to be probed, and 
3) the (20,80) and (80,20) heterostructures are chemically equivalent yet inverted, allowing the 
influence of the layer at the substrate film interface and sense of the chemical gradient (and poten-
tially strain gradient) to be investigated
5.4 Crystal Structure of Compositionally-graded heterostructures
X-ray diffraction (XRD) θ-2θ and reciprocal space mapping (RSM) studies found all het-
erostructure variants to be single-phase, fully epitaxial, and (00l)-oriented regardless of thickness 
or gradient design. The crystal structure and strain state of the compositionally-graded hetero-
structures was studied using XRD RSM about the 103 and 332 diffraction conditions for the film 
and substrates, respectively. The positions of the bulk and strained peaks for the parent phases are 
provided for reference. Focusing first on the 100 nm thick compositionally-graded heterostructures 
with different gradient forms [i.e., (20,45) (Figure 5.3a), (40,60) (Figure 5.3b), (20,80) (Figure 5.3c) 
and (80,20) (Figure 5.3d)]. Looking at the general form of these RSM the heterostructures whose 
compositions at the substrate interface is more Ti-rich (i.e., the (20,45), (40,60), and (20,80) hetero-
structures) have qy-values which span continuously between the between the theoretical strained-
peak positions of the parent phases, indicating they are strained (to some extent) to the substrate. 
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Figure 5.3.  Reciprocal space mapping about the 103-diff raction conditions for 100 nm PbZryTi1–yO3 ↔ PbZrxTi1–
xO3/SrRuO3/GdScO3 (110) heterostructures (sample name: (x,y)) (a) (20,45), (b) (40,60), (c) (20,80), and (d) (80,20). 
Dashed lines represent the coherently strain (vertical) and cubic (angled) lattice parameters. Th e expected peak posi-
tions for bulk (solid) and strained (empty) versions of the parent phases are labeled in each graph. Th e percentage of 
strain relaxation is also noted.
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On the other hand, the (80,20) heterostructures possess peaks for both the rhombohedral 
(PbZr0.8Ti0.2O3, referred to as PZTR, Figure 5.3d) and tetragonal in-plane oriented  a  domains 
(PbZr0.2Ti0.8O3, referred to as PZTT, Figure 5.3d); an indication of complete strain relaxation.
Th e asymmetry in the strain relaxation and observed crystal structures is fairly straightfor-
ward to understand by considering the 100 nm (20,80) and (80,20) heterostructures. Recall that the 
lattice mismatch between PbZr0.2Ti0.8O3  and the substrate (0.8% tensile) is considerably smaller 
than the lattice mismatch between the PbZr0.8Ti0.2O3 and the substrate (3.5% compressive). As a 
result, PbZr0.8Ti0.2O3 are more susceptible to strain relaxation as compared to PbZr0.2Ti0.8O3 fi lms of 
similar thickness. Th erefore, the (80,20) heterostructures are expected to undergo rapid strain re-
laxation and present the subsequent Ti-rich phase with an eff ectively larger in-plane lattice param-
eter than the GdScO3 substrate. Th e subsequently deposited Ti-rich (tetragonal) material will, in 
turn, accommodate the large tensile strain by forming a domains, as seen in the RSM. On the oth-
er hand, when the Ti-rich material is grown at the substrate interface, as is the case in the (20,80) 
heterostructures, the small lattice mismatch with the substrate is easily accommodated and the 
subsequent Zr-rich material is presented with in-plane lattice parameters that are more favorable 
for generating a compressively-strained fi lm. 
With this in mind, now considering the thickness series of (20,80) heterostructures (Figure 
Figure 5.4.  Reciprocal space mapping about the 103-diff raction conditions for PbZr0.8Ti0.2O3 ↔ PbZr0.2Ti0.8O3/Sr-
RuO3/GdScO3 (110) heterostructures of various thickness (a) 50 nm, (b) 75 nm, (c) 100 nm, and (d) 150 nm. Dashed 
lines represent the coherently strain (vertical) and cubic (angled) lattice parameters. Th e expected peak positions for 
bulk (solid) and strained (empty) versions of the parent phases are labeled in each graph. Th e percentage of strain re-
laxation is also noted. 
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Figure 5.3.  Reciprocal space mapping about the 103-diff raction conditions for 100 nm PbZryTi1–yO3 ↔ PbZrxTi1–
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Dashed lines represent the coherently strain (vertical) and cubic (angled) lattice parameters. Th e expected peak posi-
tions for bulk (solid) and strained (empty) versions of the parent phases are labeled in each graph. Th e percentage of 
strain relaxation is also noted.
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On the other hand, the (80,20) heterostructures possess peaks for both the rhombohedral 
(PbZr0.8Ti0.2O3, referred to as PZTR, Figure 5.3d) and tetragonal in-plane oriented  a  domains 
(PbZr0.2Ti0.8O3, referred to as PZTT, Figure 5.3d); an indication of complete strain relaxation.
Th e asymmetry in the strain relaxation and observed crystal structures is fairly straightfor-
ward to understand by considering the 100 nm (20,80) and (80,20) heterostructures. Recall that the 
lattice mismatch between PbZr0.2Ti0.8O3  and the substrate (0.8% tensile) is considerably smaller 
than the lattice mismatch between the PbZr0.8Ti0.2O3 and the substrate (3.5% compressive). As a 
result, PbZr0.8Ti0.2O3 are more susceptible to strain relaxation as compared to PbZr0.2Ti0.8O3 fi lms of 
similar thickness. Th erefore, the (80,20) heterostructures are expected to undergo rapid strain re-
laxation and present the subsequent Ti-rich phase with an eff ectively larger in-plane lattice param-
eter than the GdScO3 substrate. Th e subsequently deposited Ti-rich (tetragonal) material will, in 
turn, accommodate the large tensile strain by forming a domains, as seen in the RSM. On the oth-
er hand, when the Ti-rich material is grown at the substrate interface, as is the case in the (20,80) 
heterostructures, the small lattice mismatch with the substrate is easily accommodated and the 
subsequent Zr-rich material is presented with in-plane lattice parameters that are more favorable 
for generating a compressively-strained fi lm. 
With this in mind, now considering the thickness series of (20,80) heterostructures (Figure 
Figure 5.4.  Reciprocal space mapping about the 103-diff raction conditions for PbZr0.8Ti0.2O3 ↔ PbZr0.2Ti0.8O3/Sr-
RuO3/GdScO3 (110) heterostructures of various thickness (a) 50 nm, (b) 75 nm, (c) 100 nm, and (d) 150 nm. Dashed 
lines represent the coherently strain (vertical) and cubic (angled) lattice parameters. Th e expected peak positions for 
bulk (solid) and strained (empty) versions of the parent phases are labeled in each graph. Th e percentage of strain re-
laxation is also noted. 
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5.4a-d) we fi nd, as expected, the qy-values spans continuously between the theoretical strained peak 
positions of the parent phase. On closer inspection however, it is evident that as the thickness of the 
heterostructures increases there is a slight increase in spectral weight toward lower qx-values and a 
slight decrease in spectral weight near the expected lattice parameter for strained PbZr0.8Ti0.2O3 an 
indication that the heterostructures might be partially relaxed.
5.4.1 Quantifi cation of Strain Relaxation in Graded Heterostructures
From the XRD studies it is evident that the compositionally-graded heterostructures are not 
coherently strain to the substrate, and in actuality they are partially relaxed. In general, extracting a 
quantitative measure of strain relaxation from homogeneous, single-composition heterostructures 
is based on analyzing the breadth of the diff raction peak of the fi lm relative to that of the substrate. 
For instance, one commonly-used approach is to apply something akin to the Williamson-Hall 
method [232], which has been used in a number of recent publications [151, 165, 197]. Th is ap-
proach requires that the fi lm of interest can be modeled as a single diff raction peak whose peak 
width is refl ective of the degree of relaxation. 
In the case of the compositionally-graded heterostructures studied herein, however, the si-
multaneous change of composition, relaxation, and possibly phase makes the assumption of a single, 
clearly-defi ned diff raction peak untenable. In turn, no established approaches for inhomogeneous, 
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compositionally-graded thin fi lms are available to quantify strain relaxation. Th us we developed 
a unique approach to provide a quantitative assessment of relaxation in compositionally-graded 
heterostructures. 
Figure 5.5.  Figure demonstrating methodology used to calculate residual strain from RSM studies of composition-
ally-graded heterostructures. (a) Representative RSM of 100 nm thick (20,80) compositionally-graded heterostructure 
about the 332 and 103 diff raction condition for the substrate and fi lm, respectively. Coherently strained and relaxed 
peak positions are indicated. (b) Close-up of the 103 diff raction peak for PbZr1-xTixO3 indicating the calculated weight-
ed-mean peak position, average strained, and relaxed peak position. (c) Diagram showing the geometry used to calcu-
late the residual strain.
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To quantify the strain relaxation in the compositionally-graded heterostructures, we ini-
tially extracted the logarithmically-scaled, weighted-mean diff raction peak position (weighted 
by the peak intensity I) from the reciprocal space maps about the 103-diff raction condition for 
PbZr1-xTixO3 (e.g., Figure 5.5a) (equation 5.1-2) as indicated in (Figure 5.5b, green marker). 
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Similarly, the average-relaxed (Figure 5.5b, black marker) and average-strained (Figure 5.5b, or-
ange marker) peak positions were defi ned from the midpoint of the line between the relaxed and 
strained peaks of the end-member compositions, as depicted graphically (dashed lines, Figure 
5.5b). Th e percentage of the fi lm relaxed is then calculated by computing the relative distance of 
the projection of the weighted-mean peak position on the line defi ned by the average relaxed and 
strained peak position (Figure 5.5c, equations 5.3-5.6). Using this methodology the percentage of 
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relaxation in the heterostructures (η) was calculated (as shown in the bottom left hand corner of 
the RSM, Figure 5.3-5.4). 
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5.4.2 Description of Crystal Structure and Strain State in Compositionally-Graded PbZr1-xTixO3 
Heterostructures
To begin our discussion of the crystal structure and strain state in the compositionally-grad-
ed heterostructures we start with the (20,80) heterostructures of various thicknesses, as under-
standing the trends in this sample set is less complicated. Based on the analysis of strain relaxation, 
both the 50 and 75 nm thick (20,80) heterostructures (Figure 5.4a-b) are found to be coherently 
strained to the substrate (within experimental resolution limits). As the thickness of the (20,80) 
heterostructure is increased to 100 nm (Figure 5.4c) and 150 nm (Figure 5.4d), the relaxation from 
the theoretical strained peak position increases to ∼10.6% and ∼22.3%, respectively. All told, these 
observations imply that strain relaxation increases with film thickness as would typically be expect-
ed [81].
Similar analyses on the 100 nm thick compositionally-graded heterostructures with dif-
ferent gradient forms [i.e., (20,45) (Figure 5.3a), (40,60) (Figure 5.3b), (20,80) (Figure 5.3c), and 
(80,20) (Figure 5.3d)] reveal that the (20,45) heterostructures are coherently strained to the sub-
strate (within the experimental resolution limits), but that the (40,60) heterostructures and the 
(80,20) heterostructures undergo significantly relaxation (∼26.7% and nearly 100% from the the-
oretical strained peak position, respectively). The minimal (or negligible) strain relaxation in the 
(20,45) heterostructures can be readily understood since the films possess uniform bulk tetragonal 
structure and smaller lattice parameter variation across the thickness of the heterostructure. On the 
other hand, the (40,60) heterostructures possess more than double the amount of strain relaxation 
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than the 100 nm (20,80) heterostructures despite having approximately half the maximum theo-
retical strain gradient. This discrepancy can be understood by considering the lattice mismatch 
between the substrate and the bottom-layer PbZr1–xTixO3, which in the (20,80) heterostructures 
is only 0.15% tensile as compared to −1.2% compressive in the (40,60) heterostructures. Thus, the 
larger lattice mismatch at the substrate–film interface likely begets more pronounced and rapid 
strain relaxation. This same rational can be used to explain the near complete relaxation observed 
in the (80,20) heterostructure, as the mismatch at the substrate film interface is significantly larger 
(-3.5% compressive) than all other heterostructure in this treatment.
The key insight from these analyses is that regardless of the heterostructure thickness and 
the nature of the compositional gradient the heterostructures retain a large majority (if not all) of 
the epitaxial strain imparted by the substrate, as long as the misfit strain at the substrate film in-
terface is small. This stands in contrast to what is typically observed in homogeneous films of the 
various parent materials, i.e., 100 nm thick PbZr0.2Ti0.8O3, PbZr0.52Ti0.48O3, and PbZr0.8Ti0.2O3 het-
erostructures grown on GdScO3 substrates, which reveal ~0%, ~84.0%, and 45.3% strain relaxation 
using the same methodology, respectively, (see sections 3.3.1 and 4.4). Thus, consistent with what 
has been observed in group IV and III–V semiconductor systems, these results demonstrate that 
the presence of the compositional gradient (and in particular, those with minimal lattice mismatch 
at the film–substrate interface) provides a pathway to retain large residual strains and strain gradi-
ents not possible in homogeneous heterostructures [380-382].
5.5 Domain Structure of Compositionally-Graded pbZr1-xTixO3 heterostructures
Not only does changing the nature of the compositional gradient and heterostructure thick-
ness impact the crystal structure and strain state of the heterostructures, but it also can give rise to 
and vary both the density and nature of ferroelastic domains [81-83, 385]. To image these nanoscale 
ferroelastic domains we conducted out-of-plane piezoresponse force microscopy (PFM) studies. 
Focusing first on the thickness series of (20,80) heterostructures, the 50 nm thick heterostructures 
are observed to exhibit a monodomain structure (Figure 5.6a), consistent with expectations for a 
(00l)-oriented, highly compressively strained tetragonal ferroelectric (such as Ti-rich PbZr1–xTixO3). 
Upon increasing the thickness of the heterostructures to 75 and 100 nm, c/a/c/a domain structures 
(consisting of out-of-plane polarized c domains and in-plane polarized a domains) emerge,  with a 
Figure 5.6.  Vertical phase piezoresponse force microscopy images of PbZr0.8Ti0.2O3  ↔ PbZr0.2Ti0.8O3/SrRuO3/
GdScO3 (110) heterostructures with PbZr1-xTixO3 layers (a) 50 nm, (b) 100 nm, (c) 75 nm, and (d) 150 nm thick. Ver-
tical amplitude piezoresponse force microscopy images are provided as an inset in each of the figures. Arrow in (b) 
indicates the lone a domain visible in the scanned region of the 75 nm (20,80) heterostructure. 
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than the 100 nm (20,80) heterostructures despite having approximately half the maximum theo-
retical strain gradient. Th is discrepancy can be understood by considering the lattice mismatch 
between the substrate and the bottom-layer PbZr1–xTixO3, which in the (20,80) heterostructures 
is only 0.15% tensile as compared to −1.2% compressive in the (40,60) heterostructures. Th us, the 
larger lattice mismatch at the substrate–fi lm interface likely begets more pronounced and rapid 
strain relaxation. Th is same rational can be used to explain the near complete relaxation observed 
in the (80,20) heterostructure, as the mismatch at the substrate fi lm interface is signifi cantly larger 
(-3.5% compressive) than all other heterostructure in this treatment.
Th e key insight from these analyses is that regardless of the heterostructure thickness and 
the nature of the compositional gradient the heterostructures retain a large majority (if not all) of 
the epitaxial strain imparted by the substrate, as long as the misfi t strain at the substrate fi lm in-
terface is small. Th is stands in contrast to what is typically observed in homogeneous fi lms of the 
various parent materials, i.e., 100 nm thick PbZr0.2Ti0.8O3, PbZr0.52Ti0.48O3, and PbZr0.8Ti0.2O3 het-
erostructures grown on GdScO3 substrates, which reveal ~0%, ~84.0%, and 45.3% strain relaxation 
using the same methodology, respectively, (see sections 3.3.1 and 4.4). Th us, consistent with what 
has been observed in group IV and III–V semiconductor systems, these results demonstrate that 
the presence of the compositional gradient (and in particular, those with minimal lattice mismatch 
at the fi lm–substrate interface) provides a pathway to retain large residual strains and strain gradi-
ents not possible in homogeneous heterostructures [380-382].
5.5 Domain Structure of Compositionally-Graded pbZr1-xTixO3 heterostructures
Not only does changing the nature of the compositional gradient and heterostructure thick-
ness impact the crystal structure and strain state of the heterostructures, but it also can give rise to 
and vary both the density and nature of ferroelastic domains [81-83, 385]. To image these nanoscale 
ferroelastic domains we conducted out-of-plane piezoresponse force microscopy (PFM) studies. 
Focusing fi rst on the thickness series of (20,80) heterostructures, the 50 nm thick heterostructures 
are observed to exhibit a monodomain structure (Figure 5.6a), consistent with expectations for a 
(00l)-oriented, highly compressively strained tetragonal ferroelectric (such as Ti-rich PbZr1–xTixO3). 
Upon increasing the thickness of the heterostructures to 75 and 100 nm, c/a/c/a domain structures 
(consisting of out-of-plane polarized c domains and in-plane polarized a domains) emerge,  with a 
Figure 5.6.  Vertical phase piezoresponse force microscopy images of PbZr0.8Ti0.2O3  ↔ PbZr0.2Ti0.8O3/SrRuO3/
GdScO3 (110) heterostructures with PbZr1-xTixO3 layers (a) 50 nm, (b) 100 nm, (c) 75 nm, and (d) 150 nm thick. Ver-
tical amplitude piezoresponse force microscopy images are provided as an inset in each of the fi gures. Arrow in (b) 
indicates the lone a domain visible in the scanned region of the 75 nm (20,80) heterostructure. 
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density and domain width which increases signifi cantly with heterostructure thickness (Figure 
5.6b-c). Again, such a domain structure is typically observed only in tetragonal ferroelectrics (see 
section 3.4.2) [81, 125, 194]. Finally, for the 150 nm thick heterostructures, a complex mosaic-like 
domain structure is observed (Figure 5.6d), indicating that, at least at the surface, the tetrago-
nal-like domain structure is no longer stabilized. Instead the domain structure is consistent with 
what is observed in typical rhombohedral PbZr1–xTixO3 heterostructures (see Figure 3.6g-i). Th ese 
observations can be understood by considering the driving forces for ferroelastic domain forma-
tion and the observed crystal structures. In the thinnest fi lms, coherency with the substrate is 
maintained and the large compressive strain drives the manifestation of a tetragonal-like crystal 
and monodomain structure. At intermediate thicknesses, the growing strain energy results in slight 
strain accommodation (via domain formation), but the residual epitaxial strain is enough still to 
stabilize the tetragonal crystal and domain structure. Th e presence of classical monodomain c-like 
and c/a/c/a-like domain structures in compositionally-graded heterostructures where the top 50% 
of the heterostructures is made up of Zr-rich PbZr1-xTixO3 (with a bulk rhombohedral phases) 
demonstrate the effi  cacy of compositional gradients at retaining large residual compressive strains, 
and its ability to stabilize the tetragonal phase and domain structures. Finally, in the thickest het-
erostructures, the more signifi cant relaxation (especially at the free surface) results in loss of coher-
ency to the substrate and relaxation (at least at the surface) to the parent rhombohedral phase (and 
domain structure).
We have also probed the eff ect of changing the nature of the compositional gradient on 
the domain structure evolution. First comparing the 100 nm (20,80) (Figure 5.7a) and (80,20) 
heterostructures (vertical piezoresponse images Figure 5.7b, lateral piezoresponse images Figure 
5.8c) we observe contrasting domain structures. As previously described in the 100 nm (20,80) 
80
Figure 5.7.  Piezoresponse force microscopy images of 100 nm thick PbZryTi1–yO3  ↔ PbZrxTi1–xO3/SrRuO3/
GdScO3  (110) heterostructures of various chemical compositions (sample name: (x,y)) (a) vertical phase image of 
a (20,80) heterostructure, (b) vertical phase image of a (80,20) heterostructure, (c) lateral phase image of a (80,20) 
heterostructure, (d) vertical phase image of a (20,45) heterostructure, and (e) vertical phase image of a (40,60) hetero-
structure. Amplitude piezoresponse force microscopy images are provided as an inset in each of the fi gures. 
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heterostructures we observe a classical c/a/c/a-like domain structure. On the other hand, the (80,20) 
compositionally-graded heterostructures exhibit domain structures which look remarkably similar 
to the domain structures observed in highly tensile-strained, mixed-phase tetragonal PbZr1-xTixO3, 
having a mixture of dense c/a/c/a domains (which could be rhombohedrally distorted) and in-
plane oriented a1/a2/a1/a2 domains (more details about this structure are included in section 7.2.1) 
[119]. While these simple studies are not capable of quantifying all features of such a complex do-
main structure what is evident that the strain (imposed by the bottom Zr-rich PbZr1-xTixO3 layer) 
is accommodated by forming a high density of ferroelastic domains. Th is domain structure is con-
sistent with the RSM studies which showed a high density of in-plane oriented, Ti-rich (tetragonal) 
phases (Figure 5.3d). Moving on to the PFM studies the 100 nm thick (20,45) (Figure 5.7e) and 
(40,60) (Figure 5.7e) heterostructures both reveal a monodomain structure; once again, similar 
to, those observed in highly compressively strained tetragonal ferroelectrics. Such a monodomain 
structure in the (20,45) heterostructures is unsurprising since the fi lm is entirely on the tetragonal 
side of the phase diagram, where compressive strains act to stabilize the c phase. Conversely, the 
presence of a monodomain structure in the (40,60) heterostructures is unexpected as these hetero-
structures have many attributes which should drive the formation of a polydomain structure. First, 
the (40,60) heterostructures have a considerably larger average misfi t strain and subsequent relax-
ation (as compared to the (20,45) heterostructures). Second, they possess a large fraction of the 
heterostructure compositionally near the MPB where the fl attened energy landscape between the 
structural variants facilitates ferroelastic domain formation [386] and nanodomain structures [128, 
348]. Th ird, the top ∼50% of the fi lm is compositionally such that it should have rhombohedral 
structure. It is likely, the presence of the continually increasing compressive strain state in these het-
erostructures, which transitions from −1.2% compressive at the fi lm–substrate interface to −3.2% 
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compressive at the free surface, enables the retention of considerably more strain than is achievable 
in homogeneous fi lms, thereby stabilizing the tetragonal-like crystal and domain structure.
5.6 Dielectric and Ferroelectric response of Compositionally-Graded  pbZr1-xTixO3 
heterostructures
Armed with this knowledge of how the nature of the compositional gradient and the het-
erostructure thickness can be manipulated to engineer the strain gradient and domain structure in 
these materials, we set out to explore how the structure infl uences the dielectric and ferroelectric 
responses of these heterostructures. To conduct these electrical measurement parallel plate capac-
itor structures were fabricated using the MgO hardmask processes (as described in section 2.2.1).
Before discussing the more nuanced eff ects of changing the nature of the compositional 
gradient and fi lm thickness on the dielectric and ferroelectric responses of these heterostructures 
we want to fi rst highlight the more general features of heterostructures with compositional and 
strain gradients. To do this, we focus on the 100 nm thick (20,80) and (80,20) compositional-
ly-graded heterostructures and compare their responses to single-layer heterostructures of their 
parent end members PbZr0.2Ti0.8O3 and PbZr0.8Ti0.2O3. Th ese heterostructures were chosen as they 
have the largest chemical and strain gradient and have the most variance in the crystal and domains 
structures characteristic of the entire set of compositionally-graded heterostructures studied.
5.6.1 Ferroelectric Response of Single-Layer and Compositionally-Graded PbZr1-xTixO3 
Heterostructures
We begin our discussion with the ferroelectric hysteresis loops of these heterostructures. 
Th e hysteresis loops for all four heterostructures 
were measured at a range of frequencies, but for 
brevity, only the hysteresis loops measured at 1 kHz 
are provided (Figure 5.8). Looking at the general 
form of the hysteresis loops, the (20,80) and (80,20) 
heterostructures have distinct behaviors which are 
diff erent from the single-layer heterostructures. Be-
ginning with the (80,20) heterostructure (Figure 5.8, 
green curve) we observe a voltage-symmetric hys-
teresis loops with greatly diminished remnant and 
Figure 5.8.  Ferroelectric hysteresis loops measured 
at 1 kHz for 100 nm thick single-layer PbZr0.2Ti0.8O3 and 
PbZr0.8Ti0.2O3 heterostructures, and compositional-
ly-graded (20,80) and (80,20) heterostructures.
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saturation polarization compared to single-layer PbZr0.2Ti0.8O3 and PbZr0.8Ti0.2O3 heterostructures 
(Figure 5.8, black and red curves, respectively). This response could be attributed to the fact that 
(80,20) heterostructures have a large fraction of in-plane polarized a domains (which cannot be 
switched in the out-of-plane direction) and thus nearly half of the film is essentially ferroelectrical-
ly inactive in this device geometry. The 100 nm (20,80) heterostructures, on the other hand, show 
very different behavior (Figure 5.8, blue curve) having a large saturation and remnant polarization 
(commensurate with that measured in the single-layer films). The large saturation polarization in 
these heterostructures can be easily explained as the stabilization of tetragonal-like phases and do-
main structures means the entire thickness of the film has a switchable polarization. 
More interestingly, the (20,80) heterostructures show large horizontal shifts of the hyster-
esis loops (along the electric field axis) of up to ~200 kV/cm. The shift observed in the hysteresis 
loops is not a result of measurement artifact as the response changes direction when changing the 
electrode geometry. Although reminiscent of an imprint [12], which can occur due to a variety of 
extrinsic factors such as space charge accumulation due to asymmetric electrodes or the presence 
of defect dipoles within the ferroelectric [239, 387], the observed shifts of the hysteresis loop are 
indeed intrinsic to the sample. Classic imprint can be easily eliminated with symmetric capacitor 
structures and oxide electrodes (such as the SrRuO3 electrodes used here) and the fact that only 
the (20,80) heterostructures show shifted hysteresis loops imply that the shift is intrinsic to the 
heterostructure. Such shifts are correlated to symmetry breaking within the material caused by 
some combination of chemical, strain, and/or structural gradients within the material. As previ-
ously mentioned prior work on single-layer thin films has highlighted the role of strain gradient 
induced flexoelectric effects, a possible mechanism capable of forming built-in electric fields [196, 
197, 388]. Considering our structural studies which revealed significant retention of compressive 
strain, resulting in strain gradients as large as 4.3 × 105 m−1 (corresponding to a 4.3% strain gra-
dient over a 100 nm thick film), it is likely that flexoelectric effects contribute significantly to the 
observed built-in potential. The following sub-sections will provide more insight into the nature of 
the contributions to the built-in potential, however, what is most important to take away from this 
result is that the presence of a chemical and strain gradient (not possible in coherently-strained, 
single-layer heterostructures) represent a route to achieve large symmetry breaking in ferroelectric 
heterostructures and in turn, large built-in potentials.
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5.6.2 Low-Field Dielectric Response of Single-Layer and Compositionally-Graded PbZr1-xTixO3 
Heterostructures
Th e observed built-in electric fi elds also have a large eff ect on the small signal dielectric 
permittivity (ε33) of the heterostructures. Detailed Rayleigh studies (Figure 5.9a-c) were completed 
(as described in section 2.2.2). All heterostructures showed low loss (tan δ < 0.1) throughout the 
entire measurement range. Th e dielectric permittivity was found to fall into three distinct regimes. 
Th e single-layer PbZr0.8Ti0.2O3 and (80,20) compositionally-graded heterostructures exhibit per-
mittivity values in excess of 300 within the reversible regimes. Th is is consistent with what is ex-
pected for samples possessing polydomain structures and large extrinsic domain wall contributions 
to the permittivity [125]. Consistent with prior studies, the single-layer PbZr0.2Ti0.8O3 heterostruc-
tures have an intermediate permittivity with a value around 240 (measured within the reversible 
regime). Finally, the 100 nm (20,80) compositionally-graded heterostructures exhibit considerably 
reduced permittivity of ~85, compa-
rable to the intrinsic dielectric per-
mittivity of monodomain, tetragonal 
PbZr0.2Ti0.8O3 (~90) [301]. It has 
been shown previously that inhomo-
geneous strain or strain gradients 
and the resulting built-in electric 
fi elds can lead to signifi cant reduc-
tion in dielectric permittivity [196, 
197, 388]. Our studies lead to pre-
cisely the same conclusion as the 100 
nm (20,80) heterostructures with the 
large strain gradients (and built-in 
potentials) have a dielectric permit-
tivity below that of intrinsic mono-
domain PbZr0.2Ti0.8O 3 despite having 
a high density of ferroelastic do-
mains. Th ese prior studies, however, 
Figure 5.9.  (a) Dielectric permittivity and (b) loss tangent for all het-
erostructure variants displayed as a function of ac excitation bias repre-
sented as fi eld. (c)  εrev and αirr obtained from linear fi t within the Rayleigh 
regime [marked by the black dashed lines and red dashed lines (linear 
fi ts) in (a)]. Frequency dependence of the (d) dielectric permittivity and 
(e) loss tangent for all heterostructure variants.
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do not comment on the microscopic mechanism giving rise to reduced dielectric response. We 
contend that the presence of built-in fields, in a similar fashion to externally applied electric field, 
can reduce the extrinsic contributions from domain walls by effectively stiffening or pinning the 
domain walls, due to the increased stability of a single polarization variant at zero bias. In other 
words, the presence of a built-in potential pointing parallel to the c domains in these heterostruc-
tures could potentially skew the energy landscape such that the small signal susceptibility is greatly 
diminished. 
To support this hypothesis, we extract the irreversible Rayleigh coefficient (Figure 5.9c), 
a quantitative measurement of the irreversible domain wall contribution to the permittivity for 
all heterostructures studied. We observe, as predicted, large Rayleigh coefficients for single-layer 
PbZr0.8Ti0.2O3 (~2.1 cm/kV), intermediate Rayleigh coefficients for the PbZr0.2Ti0.8O3 heterostruc-
tures (~1.4 cm/kV), and greatly diminished Rayleigh coefficients in the 100 nm (20,80) hetero-
structures (~0.28 cm/kV). Surprisingly, the 100 nm (80,20) heterostructures which have a high 
density of ferroelastic domains show a rather low irreversible Rayleigh coefficient (~0.6 cm/kV). 
We contest that due to the in-plane orientation and high density of ferroelastic domains that these 
domains are elastically pinned by one another, suppressing their irreversible domain wall contri-
butions to the dielectric response, while not significantly impacting their reversible domain wall 
contributions. All told, these results corroborates our initial hypothesis that the presence of a built-
in potential in the 100 nm (20,80) heterostructures acts to pin domain wall responses in a manner 
similar to an applied electric field, resulting in greatly diminished dielectric permittivities.
Following these Rayleigh studies, frequency-dependent dielectric permittivity measure-
ments using an ac excitation of 8 mV (within the reversible regime) were undertaken (Figure 5.9d-
e). Throughout the entire frequency range all samples showed low losses (tan δ < 0.1). The mea-
sured dielectric permittivity of all heterostructures are consistent with the Rayleigh studies which 
show enhanced dielectric permittivity the in single-layer PbZr0.8Ti0.2O3 and (80,20) compositional-
ly-graded heterostructures, intermediate permittivity in the single-layer PbZr0.2Ti0.8O3, and signifi-
cantly reduced permittivity in the 100 nm (20,80) compositionally-graded heterostructures. Fur-
thermore, the dispersions (the slope of the frequency dependent dielectric permittivity) while small 
in all cases is found to follow the same trends as the irreversible Rayleigh coefficients, once again 
an indication of enhanced extrinsic domain wall contributions in the single-layer PbZr0.8Ti0.2O3 
85
with large density of ferroelastic domains, intermediate extrinsic domain wall contributions in the 
single-layer PbZr0.2Ti0.8O3  and (80,20) compositionally-graded heterostructures, and signifi cantly 
reduced extrinsic domain wall contributions in the 100 nm (20,80) compositionally-graded het-
erostructures, due to the signifi cant domain wall pinning as a result of the large built-in potential.
5.6.3 High-Field Dielectric Response of Single-Layer and Compositionally-Graded PbZr1-xTixO3 
Heterostructures
Beyond our studies of the low-fi eld permittivity we have explored permittivity (or capaci-
tance)–voltage butterfl y loops for all heterostructure variants. Interesting diff erences were observed 
between 100 nm (20,80) compositionally-graded heterostructures that have large built-in poten-
tials and the other heterostructures which do not. Specifi cally, the 100 nm (20,80) heterostructures 
(Figure 5.10a) exhibits two distinct small-signal permittivity values and asymmetric butterfl y loop 
shape; whereas, as an example, the (80,20) heterostructures (Figure 5.10b) exhibit only a single 
value of small-signal permittivity at zero bias and a symmetric loop shape. To explore this anoma-
lous response in more detail the 100 nm (20,80) heterostructure was sequentially poled, up and 
down using a 1 ms, 2 V pulse. Aft er each poling cycle the heterostructure capacitance was probed 
using a small sense pulse (0.8 kV/cm at 10 kHz) as it was allowed to relax over 30 minutes. From 
this measurement (Figure 5.10c) the capacitance has two values depending on the polarization di-
rection. When the heterostructures were poled up (towards the as grown state and the built-in 
potential) the capacitance increased, on the other hand, when the heterostructures were poled 
down (away from the as grown state and self-poling direction) the capacitance decreased. Aft er 
initial poling the capacitance in both the up- and down-poled states reduced slightly; however, 
during the 30 minute relaxation period the capacitance of the up- and down-poled states never 
Figure 5.10.  Capacitance as a function of voltage for 100 nm compositionally-graded (a) (20,80) and (b) (80,20) het-
erostructures. (c) Capacitance relaxation following sequential poling measured over the course of 30 minutes. For all 
measurements the sense pulse was 0.8 kV/cm at a frequency of 10 kHz. 
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overlapped. Th is interesting polarization direction dependent capacitance has potential as a possi-
ble new mode of operation for non-volatile, low-power memories. Unlike traditional ferroelectric 
memories which require multiple capacitors to store a single data bit and destructive read/write 
operations, a new mode of operation based on the zero-bias capacitance would off er smaller feature 
size and non-destructive read operations.
Finally, to better understand the importance of built-in potentials in suppressing the dielec-
tric permittivity, we carried out capacitance measurement as a function of frequency between 1 and 
200 kHz at diff erent applied background dc electric fi elds as previously described (section 2.3.1, 
Figure 5.11a-b). Here, we report such background dc electric fi eld for 100 nm (20,80) composition-
ally-graded heterostructures (which once again exhibit c/a/c/a-like domain structures and a large 
built-in potential, Figure 5.11b) and compared its response to the single-layer PbZr0.2Ti0.8O3 hetero-
structures (which has similar c/a/c/a domain structures yet, no built-in potential, Figure 5.11a). 
Th e data for the PbZr0.2Ti0.8O3 heterostructures reveal two clear regimes (a low- and high-fi eld re-
gime) with a change in the trend around 400–500 kV/cm, regardless of the poling/fi eld direc-
tion. Moving on to the 100 nm (20,80) compositionally-graded heterostructures, we once again, 
observe fi eld and polarization direction dependent responses. Upon poling and measuring the re-
sponse under the application of negative bias to the top electrode (i.e. the up-poled and self-poling 
direction) the permittivity is found to decrease linearly without changes in the mode of response 
evident. On the other hand, under the application of positive bias (opposing the built-in potential) 
a diff erent response is observed. Under low positive biases the dielectric permittivity is found to 
Figure 5.11.  Zero-frequency permittivity (εi) obtained from a linear logarithmic fi t of the dielectric permittivity–fre-
quency data at diff erent applied background dc electric fi elds is plotted as a function of the applied background dc elec-
tric fi elds for (a) single-layer PbZr0.2Ti0.8O3 and (b) 100 nm (20,80) compositionally-graded heterostructures. Zero-fi eld 
intrinsic/extrinsic permittivity (εin/εex) and tunabilitiy (αin/ αex) are obtained from linear fi ts within each of the regions 
(red dashed line). Regions of extrinsic (intrinsic) like response are shaded purple (green).
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increase slightly until reaching a critical field (~400 kV/cm) where the permittivity decreases. 
To analyze this response further, we can fit the response within each of these regions to 
extract values of zero-field intrinsic/extrinsic permittivity (εin /εex) and tunability (αex/ αin) as a func-
tion of applied background dc electric field.  The low-field regime is generally thought to include 
information about both the intrinsic and extrinsic contributions to the permittivity, and the high-
field regime is thought to be indicative of just the intrinsic response, where the extrinsic contribu-
tions to permittivity are suppressed. Linear fits to the low-field regime provide information about 
how the applied background dc electric field suppresses the extrinsic response (extrinsic tunabilitiy, 
αex) and zero-field intrinsic–extrinsic permittivity (εex). Linear fits to the high-field regime provide 
information about how the applied background dc electric field suppresses the intrinsic response 
(intrinsic tunabilitiy αin) and the zero-field intrinsic permittivity (εin). In the case of the single-layer 
PbZr0.2Ti0.8O3 there is an order of magnitude decrease in tunabilitiy as one moves from the low- to 
high-field regimes (-0.36 to -0.03 cm/kV, respectively) suggesting that the extrinsic response is 
much more susceptible to suppression with external fields. Additionally, the zero-field permittivity 
in the low- and high-field regimes is ∼272 (close to that observed near zero-field, Figure 5.9) and 
∼126 (close to what is expected for monodomain PbZr0.2Ti0.8O3) [301, 389]. In other words, ∼55% 
of the zero-field, room-temperature permittivity arises from extrinsic contributions (consistent 
with prior observations of such materials) [125].
In the 100 nm (20,80) compositionally-graded heterostructures, which possess a large 
built-in potential the nature of the response is fundamentally different, and thus its response can-
not be fit in the same manner. To account for this difference, linear fits were conducted in each of 
three regions as previously described; however, the zero-field permittivity was calculated assuming 
the point of zero field to be the inflection point in the dielectric permittivity (at ~400 kV/cm) to 
account for the built-in potential. Starting our discussion with the response under negative bias 
(i.e. the up-poled and self-poling direction) we observe a single region of response with zero-field 
permittivity of ~79.1 and a tunabilitiy ~0.02 cm/kV. These values are similar to those reported in 
the intrinsic regime for the single-layer PbZr0.2Ti0.8O3, implying that the response under negative 
bias in purely intrinsic in nature. Moving on to the response under positive bias, in the low-field 
region we observe a zero-field permittivity of ~90.8 and a tunabilitiy of ~0.05 cm/kV, both of which 
are significantly greater than observed under negative bias, but still much closer to the response 
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observed in the high-field (intrinsic) regime in the single-layer PbZr0.2Ti0.8O3 heterostructure.  Fi-
nally, fits to the high-field positive bias regime reveal a zero-field permittivity (~89.5) and tunabil-
itiy (~-0.04 cm/kV) nearly identical in magnitude to what is observed in the low-bias positive field 
regime. 
Based on these results, we contest that when the applied field, polarization, and built-in po-
tential direction all reinforce one another (as is the case under negative bias) the response is purely 
intrinsic in nature, showing a single regime of response with low permittivity and tunabilitiy. On 
the other hand, when the applied field opposes the polarization direction and built-in potential (as 
is the case under positive bias) the slight increase in zero-field permittivity and tunabilitiy (from 
the negative bias response) under small fields implies that extrinsic contributions to the permit-
tivity are being activated by the positive bias. As the bias is increased, eventually the domain walls 
reach their terminal state under positive bias and any further increasing the bias serves only to 
suppress their contributions to the dielectric permittivity. Despite this slight activation of extrinsic 
domain wall contributions to the dielectric permittivity overall the dielectric permittivity in the 100 
nm (20,80) heterostructures is always significantly lower than observed in the single-layer PbZr0.
2Ti0.8O3 with similar c/a/c/a domain structures. Once again, this suggests that the presence of the 
built-in potential can greatly diminish the extrinsic contributions to permittivity by stiffening the 
domain walls against motion under the application of small ac excitation fields. 
All told, these studies reveal the through the use of compositional gradients that it is pos-
sible to dramatically alter the crystal and domain structure, creating combinations of ferroelectric 
and dielectric responses not possible in compositionally homogeneous ferroelectric heterostruc-
tures. Particularly interesting, the ability to generate large built-in potentials in strained composi-
tionally-graded heterostructures is appealing for a wide variety of applications (e.g., piezoelectric 
vibrational energy scavenging) that require a constant and known polarization direction to enable 
repeatable and consistent device operation. In addition, to improve the performance of a material 
in piezoelectric vibrational (and pyroelectric) energy scavenging applications, one needs a mate-
rial which simultaneously exhibits large piezoelectric (pyroelectric) response, low dielectric con-
stant, and improved robustness to depolarization/aging. Traditionally this has been achieved in 
ferroelectrics by utilizing imprint or built-in electric fields that arise from the use of asymmetric 
electrodes. The use of compositionally-graded materials could provide a new pathway to improved 
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performance in each of these areas. Due to the potential importance of heterostructures with large 
built-in potentials the remained of this chapter will focus on how the nature of the compositional 
gradient can be used to control the built-in potential, ferroelectric, dielectric, and pyroelectric re-
sponses in these compositionally-graded heterostructures.
5.7 Effect of heterostructure Design on the Dielectric and Ferroelectric 
response of Compositionally-Graded  pbZr1-xTixO3 heterostructures
5.7.1 Complex Evolution of Built-in Potential in Compositionally-Graded 
PbZr1-xTixO3 Heterostructures
To study the eff ect of heterostructure design on the built-in potential, ferroelectric, and di-
electric response of compositionally-graded heterostructures we consider the six compositional-
ly-graded heterostructures. For discussion we group these heterostructures into two categories. A 
set of four (20,80) compositionally-graded heterostructures of varying thickness (50, 75, 100 and 
150 nm) and a set of three 100 nm thick compositionally-graded heterostructures with diff erent 
gradient forms [i.e., (20,45), (40,60), and (20,80)]. To quantify the built-in potential, ferroelectric 
hysteresis loops were measured for the various heterostructures at a range of frequencies (Figure 
5.12a-b, for brevity, we show characteristic hysteresis loops measured at 1 kHz). Once again, similar 
to compositionally homogeneous ferroelectric thin fi lms, all heterostructures studied show large 
saturation and remanent polarization. Similar to our previous studies, the built-in potential is 
quantifi ed by the horizontal shift  of the ferroelectric hysteresis loops along the voltage (or fi eld) axis 
(i.e., the diff erence between the coercive fi elds), and are plotted as a function of fi lm thickness 
Figure 5.12.  Room temperature polarization–electric fi eld hysteresis loops of PbZryTi1–yO3 ↔ PbZrxTi1–xO3/SrRuO3/
GdScO3 heterostructures (sample name: (x,y)) measured at 1 kHz of various (a) (20,80) heterostructure thicknesses 
and (b) 100 nm thick compositional-gradient designs. (c) Plot of measured built-in potential as a function of fi lm 
thickness for all compositionally-graded heterostructures studied. Dashed line and small diamond markers represents 
an estimation of the built-in potentials based on the fl exo-chemo-electric coeffi  cient of the 50 nm (20,80) heterostruc-
tures.
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(Figure 5.12c). On the basis of common understanding of flexoelectric effects and built-in poten-
tials [164, 167, 170, 172, 390, 391], one would empirically expect that the magnitude of the built-in 
potential would be primarily governed by the magnitude of the strain gradient. Thus, for the thick-
ness series of (20,80) heterostructures (Figure 5.12a), the magnitude of the built-in potential should 
be inversely proportional to the thickness. The actual results, however, do not follow this trend, and 
instead, the built-in potential is found to increase with film thickness until falling dramatically in 
the case of the 150 nm thick heterostructures. The measured built-in potential was found to be 
0.380 ± 0.045 V (76 ± 9 kV/cm), 0.833 ± 0.038 V (111 ± 5 kV/cm), 2.00 ± 0.090 V (200 ± 9 kV/cm), 
and 0.4 ± 0.020 V (20 ± 1 kV/cm) for the 50, 75, 100, and 150 nm thick (20,80) heterostructures, 
respectively.
Only by returning to the differences in the crystal and domain structure can this trend be 
explained. Overall, as the thickness of the film increases the maximum average theoretical strain 
gradient and residual strain decreases, and therefore, (under the assumption that the built-in po-
tential is primarily governed by the strain gradient) the built-in potential should monotonically 
decrease with thickness. In turn, this suggests that additional contributions to the built-in potential 
must be present. To shed more light on this concept, we can establish a frame of reference for the 
“intrinsic” strain- and composition-gradient contribution to the built-in potential by first consider-
ing the 50 nm thick (20,80) heterostructures. These heterostructures, which are coherently strained 
and monodomain therefore, possess a structure most closely matched with the “ideal” composi-
tionally- and strain-graded heterostructure concept. Following the methods used in the commu-
nity [392], we can extract a coefficient of the same form and units as the flexoelectric coefficient, 
which we here call the effective flexo-chemo-electric coefficient (μeff), to acknowledge the inclusion of 
additional contributions, such as chemical-gradient effects, which are not traditionally considered 
in the flexoelectric coefficient. The effective flexo-chemo-electric coefficient is calculated by com-
paring the measured internal electric field (i.e. the built-in potential) to the maximum theoretical 
strain gradient as described in equation 5.7:
(5.7)effFE x
µ ε
ε η
∂
=
∂
11
0 33 3
Where Ef is the built in electric field, ε0 is the vacuum permittivity, η33 is the average intrinsic 
permittivity, and 
x
ε∂
∂
11
3
 is the in-plane strain gradient in the out-of-plane direction. Since, we have 
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no way to measure the dielectric permittivity of the material in absence of the built-in potential we 
used a constant value for the entire compositionally-graded PbZr1-xTixO3 of η33=158 (which is based 
on the average high-field compositionally-dependent measurements of intrinsic permittivity in 
PbZr1-xTixO3) [128, 357, 392]. Knowing that the strain gradient is 8.7 × 105 m–1 and that the built in 
potential is 0.38 V, we calculate the effective flexo-chemo-electric coefficient to be |μeff| = 12 nC/m. 
This value lies directly in-between experimentally reported flexoelectric coefficients for the PbZr1–
xTixO3 system (500–2,000 nC/m, measured via bending of chemically homogeneous samples) [164, 
392, 393] and first-principles calculations (which include only strain-gradient-based flexoelectric 
effects; for PbTiO3 μeff = 0.165 nC/m) [170, 215, 216]. This comparison brings up a number of in-
teresting points. First, as is typical, our experimental measures of these effects return values much 
larger than the first-principles predictions, suggesting that additional contributions to these effects 
could be present. Second, our experimental values are considerably smaller than most experimen-
tal values, which might suggest that the chemical-gradient effect could be of the opposite sign to 
that of the classic strain-gradient effects.
Using this effective flexo-chemo-electric coefficient, we can then make a simple prediction 
of how the built-in potential should scale with thickness (dashed line, Figure 5.12c). Since the 
maximum theoretical strain gradient is inversely proportional to the heterostructure thickness the 
built-in potential should fall off with increasing thickness. What is clear, however, is that the built-
in potentials measured for the 75 and 100 nm thick (20,80) heterostructures variants are greatly 
enhanced compared to this expected trend. To explain this unexpected observation requires con-
sideration of the strain state and domain structure of the heterostructures. Both the 75 and 100 nm 
thick (20,80) heterostructures exhibit a c/a/c/a domain structure where the size and density of the 
a domains increases with thickness, matching the observed trend in the built-in potential. This im-
plies that the formation of ferroelastic domains could be responsible for the larger built-in poten-
tial. We hypothesize that the presence of ferroelastic a domains and the corresponding rotation of 
the polarization direction at such domain boundaries, gives rise to large, localized strain gradients 
[166, 394] and fields [394, 395] that contribute to the built-in potential. Since the largest built-in 
potential is observed in the 100 nm thick (20,80) heterostructures despite the significant reduction 
in strain gradient, this suggests that the c/a/c/a domain structures are key in defining the evolution 
of these effects. Finally, in the 150 nm thick heterostructures, which possess the most severe strain 
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relaxation and domain structures indicative of complete or near-complete relaxation at the surface 
of the film, the relaxation must be severe enough that the strain gradient barely persists in the film, 
thereby dramatically reducing the overall built-in potential.
A similar analysis of the built-in potentials for the 100 nm thick (20,45), (40,60), and (20,80) 
heterostructures (Figure 5.12b), where the built-in potentials were measured to be 0.64 ± 0.03 V (64 
± 3 kV/cm), 1.5 ± 0.09 V (150 ± 9 kV/cm), and 2.0 ± 0.09 V (200 ± 9 kV/cm), respectively, can be 
completed. Recall that the theoretical strain gradients for the (20,45) and (40,60) heterostructures 
are approximately half of that of the (20,80) heterostructures and that both heterostructures exhibit 
a monodomain structure. Beginning with the (40,60) heterostructures, the lattice parameters de-
fining the strain gradient increase rapidly, in a nonlinear fashion, upon transitioning through the 
MPB composition [316]. We hypothesize that the presence of locally enhanced strain gradients 
within the film associated with the MPB compositions could greatly increase the magnitude of the 
macroscopic built-in potential, even in the absence of domain structures. It should be noted, that 
heterostructures encompassing the MPB could also exhibit enhanced built-in potentials because 
of a local variation in the magnitude of the flexoelectric coefficient, which is typically larger near 
the MPB [170, 396]. Additionally, the fact that the built-in potential of the (40,60) heterostructures 
are larger than that of the 50 nm thick (20,80) heterostructures suggests that the chemical-poten-
tial-gradient effects are likely smaller (because of the reduced compositional range); yet, are still of 
the opposite sign of the strain-gradient effects. On the other hand, in the (20,45) heterostructures 
the reduced built-in potential is like the result of the fact that the composition range probed exists 
entirely on the tetragonal side of the PbZr1–xTixO3 phase diagram, and that the lattice parameters 
increase smoothly with increasing Zr content, thereby excluding any locally enhanced strain gradi-
ents in the films. Additionally, the chemical-gradient effects in the (20,45) heterostructures should 
also be relatively small in magnitude (compared to the 50 nm thick (20,80) heterostructures), but 
again we cannot fully decouple these effects in a manner that allow us to quantify the magnitude 
of the chemical-gradient effect uniquely. All told, the ultimate manifestation of built-in potential 
in the compositionally-graded heterostructures varies in a rather complex and, at times, unintui-
tive manner as a function of film thickness, lattice parameter variation, domain formation, strain 
relaxation, compositional end members, and much more. Overall, the built-in potentials are larger 
when locally enhanced strain gradients exist such as those that occur upon transitioning through 
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the MPB composition and at/near ferroelastic domain boundaries. Th ese observations suggest that 
the macroscopic manifestation of built-in potential includes aspects of fl exoelectric eff ects (i.e., 
polarization–strain gradient coupling), chemical-gradient eff ects (i.e., polarization–chemical po-
tential gradient coupling), and local inhomogeneities that enhance strain (and/or chemical) gradi-
ents, which occur preferentially in areas with rapid lattice parameter evolution like near the MPB 
composition or near ferroelastic domain boundaries.
5.7.2 Dielectric Response of Compositionally-Graded PbZr1-xTixO3 Heterostructures
From a materials design perspective, however, we care about the nature of and how to con-
trol the built-in potential in these heterostructures because it can have profound eff ects on the 
material properties. Based on our prior studies of compositionally-graded PbZr1–xTixO3 hetero-
structures which recognized that the presence of built-in potentials can reduce the dielectric per-
mittivity, by acting to stiff en both intrinsic (i.e., within the bulk of a domain) and extrinsic (i.e., 
from motion of domain walls) domain wall motion under application of small ac fi elds, we set out 
to explore how the dielectric permittivity evolves in these various compositionally-graded hetero-
structures. To do this, the low-fi eld dielectric permittivity was measured as a function of frequency 
for all heterostructures (we show 
characteristic permittivity measure-
ments at an ac excitation of 8 mV 
from 1-100 kHz). Prior to measuring 
the frequency dependent dielectric 
response the small-signal fi eld de-
pendence of the permittivity was 
measured to ensure the measure-
ment was conducted within the re-
versible Rayleigh regime. All hetero-
structures showed low losses (tan δ < 
0.15) across all measurement fre-
quencies. Again, we begin by explor-
ing the thickness series of (20,80) 
heterostructures (Figure 5.13a-b) 
Figure 5.13.  Room temperature dielectric response (measured at 
Vac = 8 mV, error <7%) as a function of frequency for PbZryTi1–yO3 ↔
PbZrxTi1–xO3/SrRuO3/GdScO3 (110) compositionally-graded hetero-
structures (sample name: (x,y)); for (20,80) heterostructure of various 
thickness (a) dielectric permittivity and (b) dielectric loss, and for 100 
nm thick compositional-graded heterostructures of various heterostruc-
ture designs (c) dielectric permittivity and (d) dielectric loss. 
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where the dielectric permittivity was found to be 71.8, 68.5, 86.2, and 158.2 (at 10 kHz) for 50, 75, 
100, and 150 nm thick heterostructures, respectively. Beginning with the 50 nm thick heterostruc-
tures (which are monodomain, with a built-in potential of 76 ± 9 kV/cm) the permittivity is sup-
pressed to a value lower than that previously reported for intrinsic permittivity (∼90) of mono-
domain, homogeneous PbZr0.2Ti0.8O3 thin films [301]. This observation is readily understood since 
there are no extrinsic contributions (as there are no domain walls) combined with the sizable built-
in potential, which serves to reduce the intrinsic susceptibility and thus the overall response. As the 
heterostructure thickness increases, domain structures emerge that influence the permittivity in 
competing ways. The presence of ferroelastic domains is known to give rise to extrinsic contribu-
tions to the dielectric permittivity, which typically enhances the dielectric permittivity [125, 294, 
296], and this work has shown that their formation also corresponds to an increases the magnitude 
of the built-in potential, which should work to suppress both the intrinsic and extrinsic contribu-
tions. Thus, in the 75 nm thick heterostructures where there is a small density of domains and a 
larger built-in field (111 ± 5 kV/cm), the combination manifests as a similar dielectric permittivity 
to the 50 nm thick heterostructures (within the error of measurement). By the time the thickness 
reaches 100 nm, however, the presence of a robust and denser domain structure and the associated 
extrinsic contributions to the dielectric permittivity overcomes the effects of the built-in field (200 
± 9 kV/cm), causing a slight increase in permittivity (although it is still smaller than that reported 
for monodomain, homogeneous PbZr0.2Ti0.8O3 films). Finally, in the 150 nm thick heterostructures, 
which have complex, mosaic-like domain structures, with the smallest built-in potential of 20 ± 1 
kV/cm, the largest permittivity is observed; a result of the minimally suppressed intrinsic and ex-
trinsic contributions to permittivity.
Using a similar approach, we can also understand the evolution of the permittivity in the 
100 nm thick (20,45), (40,60), and (20,80) heterostructures (Figure 5.13c-d). In this set of hetero-
structures, the (20,45) variants have the largest permittivity (∼107.5 at 10 kHz) and the (40,60) het-
erostructures have the lowest permittivity (∼64.4 at 10 kHz). Again, we can rationalize these trends 
through the evolution of the crystal and domain structure, and built-in potential. First, for the 
(20,45) heterostructures (with monodomain structure and a built-in potential of 64 ± 3 kV/cm), 
the measured permittivity is close to the expected permittivity for a monodomain, homogeneous 
PbZr0.2Ti0.8O3 thin film [301], indicating that the dielectric response is dominated by the intrinsic 
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response of the monodomain structure, and that the small built-in potential does not significantly 
influence the dielectric response. For the (40,60) heterostructures (with monodomain structure 
and sizable built-in potential of 150 ± 9 kV/cm), the larger built-in potential greatly reduces the 
intrinsic permittivity, and since there are no domain walls, there are no extrinsic contribution, re-
sulting in the lowest observed dielectric response. We note that to the best of our knowledge that 
these are the lowest permittivity values reported for any PbZr1–xTixO3 thin film to date. Progressing 
to the (20,80) heterostructures, c/a/c/a domain structures are formed generating an extrinsic re-
sponse, which enhances the permittivity more than the increase in built-in potential can suppress 
it, causing a slight increase in permittivity compared to the 100 nm thick (40,60) heterostructures. 
Regardless, the observation of the lowest reported room temperature dielectric permittivity for the 
PbZr1–xTixO3 system measured in the (40,60) heterostructures, which are compositionally close 
to the MPB (where a maximum in dielectric permittivity should be expected) demonstrates the 
efficacy of compositional-gradients in generating built-in potentials, which can provide routes to 
strongly decouple the ferroic and dielectric responses.
Altogether, through judicious exploration of a range of compositionally-graded hetero-
structures we have demonstrated that the ferroelectric and dielectric response is highly influenced 
by the crystal and domain structure, which can be manipulated by the gradient and heterostructure 
design. Specifically, we show that the magnitude of the built-in potential is only minimally influ-
enced by the magnitude of the average strain gradient and instead is determined a combination of 
flexoelectric effects (i.e., polarization–strain gradient coupling), chemical-gradient effects (i.e., po-
larization–chemical potential gradient coupling), and local inhomogeneities that locally enhance 
strain (and/or chemical) gradients. These regions of enhanced strain gradients include areas with 
rapid lattice parameter evolution (like that near the MPB composition) or near ferroelastic domain 
boundaries. This work highlights the importance of local nanoscale strain gradients in generating 
large macroscopic built-in potentials, yielding new perspectives on how to design ferroelectric thin 
films to maximize built-in potentials while having minimal effect on the ferroic responses. In turn, 
these results provide a facile route to independently tune susceptibilities in ferroelectric thin films 
essential for optimizing materials figure of merit for a range of applications.
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5.8 PYROELECTRIC RESPONSE OF COMPOSITIONALLY-GRADED pbZr1-xTixO3 HETEROSTRUCTURES
Th e prior sections in this chapter have established the role of the built-in potential in dra-
matically suppressing the dielectric response while having minimal impact on the saturation and 
remanent polarization. Reducing the permittivity is key for optimizing materials for advanced na
Figure 5.14.  (a) Sinusoidal temperature variation applied to 
extract pyroelectric responses of 100 nm thick (b) single layer 
PbZr0.2Ti0.8O3, (c) single-layer PbZr0.8Ti0.2O3, and composition-
ally-graded (d) (20,80), and (e) (80,20) heterostructures.
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noscale applications where the fi gures of 
merit for electromechanical [26, 397, 398] 
(FoMEM=dijk2/cε33ε0, where dijk is the di-
rect-eff ect piezoelectric coeffi  cient and c is 
the material stiff ness, ε33 is the dielectric 
permittivity, and ε0 is the permittivity of 
free space), pyroelectric energy conversion 
(FOMPEC=π2/ε33ε0, where π is the pyroelec-
tric coeffi  cient) [24, 26, 27], and infrared 
sensing and electron emission 
(FOMIR=π2/CEε33ε0, where CE is the heat ca-
pacity) are all inversely proportional to the 
dielectric permittivity [399, 400]. In gener-
al, routes to tune material stiff ness, heat ca-
pacity, etc., are limited and thus the ability 
to tune these fi gures of merit is confi ned to 
routes that decouple the piezoelectric or py-
roelectric responses from the dielectric response. In turn, all that is required to achieve enhanced 
fi gures of merit in these compositionally-graded heterostructures is a large built-in potentials 
which suppress the dielectric permittivity and a large or comparable pyroelectric/piezoelectric re-
sponse.  
In the following section, we explore the pyroelectric responses and fi gures of merit of these 
compositionally-graded heterostructures. For this study, we limit our focus to four heterostruc-
tures: 100 nm thick, single-layer PbZr0.2Ti0.8O3 and PbZr0.8Ti0.2O3 heterostructures, and 100 nm 
thick, (20,80) and (80,20) compositionally-graded heterostructures, whose structure and electri-
cal responses were discussed previously. Th e pyroelectric studies were completed using the phase 
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sensitive measurement technique (as described, section 2.3.2) with a sinusoidally varying tem-
perature excitation centered about a background temperature of 320 K, with a 1.25 K amplitude, 
at a frequency of 0.02 Hz (Figure 5.14a). The pyroelectric currents from the single-layer PbZr0.
2Ti0.8O3 and PbZr0.8Ti0.2O3, and compositionally-graded heterostructures were measured and their 
response was fit to calculate the pyroelectric coefficient as previously described (Figure 5.14b-e). 
The magnitude of the pyroelectric current and therefore the pyroelectric coefficient of the hetero-
structures can be grouped into two categories. The single-layer PbZr0.2Ti0.8O3 and (20,80) compo-
sitionally-graded heterostructures have similar pyroelectric coefficients (−300 and −291 μC/m2K, 
respectively), ~30% greater than the single-layer PbZr0.8Ti0.2O3 and (80,20) compositionally-graded 
heterostructures (−229 μC/m2K and −185 μC/m2K, respectively). Note that the PbZr0.52Ti0.48O3 het-
erostructures (section 4.6.2) have a similar pyroelectric response to the PbZr0.8Ti0.2O3 and (80,20) 
compositionally-graded heterostructures (~-200 μC/m2K). The observed differences are consistent 
with the ferroelectric domain structures observed in these heterostructures. The PbZr0.2Ti0.8O3 and 
(20,80) compositionally-graded heterostructures exhibit  c/a/c/a domain structures with a large 
volume fraction of c domains (which are out-of-plane polarization), contributing to a relatively 
large pyroelectric response. On other hand, the PbZr0.8Ti0.2O3 heterostructures exhibit a mosaic 
(rhombohedral) domain structure, and the (80,20) compositionally-graded heterostructures have 
a high density of in-plane oriented tetragonal domains, both of which do not contribute to the 
pyroelectric current when measured along the [001] (i.e., the out-of-plane direction), as measured 
herein, resulting in a lower pyroelectric response (compared to heterostructures which are primar-
ily out-of-plane polarized). The most impactful observation from these studies is that the presence 
of a large built-in potential in the 100 nm (20,80) compositionally-graded heterostructures (~200 
kV/cm) has almost no impact on the pyroelectric response compared to the other heterostructures 
studied, yet significantly reduces the dielectric permittivity.
The importance of the suppressed dielectric permittivity in systems with large pyroelectric 
responses (as is the case in the (20,80) compositionally-graded heterostructures) is highlighted by 
calculating the pyroelectric figures of merit, as previously described. Here we compare FoMIR and 
FoMPEC for the four heterostructure variants (Figure 5.15). The heat capacity for the single-layer 
and compositionally-graded PbZr1-xTixO3 heterostructures is assumed to be ∼3 J/cm3K, consistent 
with published reports [28], and is assumed constant for all films. Typically PbZr1-xTixO3 is not 
98
useful for pyroelectric ap-
plications as is illustrated by 
the single-layer PbZr0.2Ti0.8O3 
which despite possessing a 
large pyroelectric coefficient, 
the correspondingly large di-
electric constant results in a 
rather pedestrian FoM. Among the four heterostructure variants, however, the 100 nm (20,80) 
compositionally-graded heterostructures, as expected, reveals the largest figures of merit (FoMIR = 
0.129 m2/C and FoMPEC = 0.0113) due to the presence of a large pyroelectric coefficient and low 
dielectric permittivity. For both the PbZr0.8Ti0.2O3 and (80,20) compositionally-graded heterostruc-
tures, the large dielectric permittivity (resulting from a complex domain structure) paired with 
rather small pyroelectric coefficients (resulting from the presence of a large fraction of ferroelastic 
domains) gives rise to low figures of merit. The large figures of merit for the 100 nm (20,80) com-
positionally-graded heterostructures; however, are comparable or in some cases better than the tra-
ditionally utilized systems. For thermal imaging and pyroelectric energy conversion applications, 
100 nm (20,80) compositionally-graded heterostructures are 1.1–1.2 times and 1.8–4.2 times larger 
than the figures of merit for ferroelectric single crystals of LiNbO3 and LiTaO3, respectively. These 
findings are important because this is the first time it has been demonstrated that large pyroelec-
tric figures of merit, important for a range of technologically relevant devices can be achieved in 
high-quality thin films. It should also be noted that the PbZr1-xTixO3 family of materials has expe-
rienced considerable attention as both ferroelectric memories and for actuator/sensor applications, 
and thus existing infrastructure and knowledge bases exist on how to create these materials via 
scalable methods. Furthermore, the approach (i.e., the application of compositionally gradients) 
should be applicable to a wide range of materials and systems. Research on compositionally-graded 
ferroelectric thin films has not been widely developed, and additional systems—potentially includ-
ing Pb-free alternatives—may be developed. Additionally, the findings may have impacts beyond 
thermal applications to both tunable dielectrics, piezoelectrics, piezoelectric energy harvesting, 
and more. Overall, the approach illustrated herein suggests that compositionally grading materials 
may give researchers the ability to deterministically tune and control dielectric, ferroelectric, and 
Figure 5.15.  Pyroelectric coefficients (π), dielectric permittivity (ε33), heat capac-
ity (CE), and the figures of merit for thermal imaging (FOMIR) and pyroelectric en-
ergy conversion (FOMPEC) for single-layer, compositionally-graded heterostruc-
tures, and common commercially used pyroelectric single crystals.
ε33
(100 kHz)
100 nm (20,80)
100 nm (80,20)
pi
(μC/m2K)
-300 ± 7
-299 ± 11
-291 ± 4
-185 ± 13
-83
-176
235
453
85
409
31
54
CE
(J/cm3K)
~3
~3
~3
~3
2.8
3.2
FOMIR
(x10-2,m2/C)
4.81
1.90
12.9
1.70
10.8
11.6
FOMPEC
(x10-3,300K)
4.33
1.31
11.3
0.95
2.69
6.15
LiNbO3
LiTaO3
PbZr0.2Ti0.8O3
PbZr0.8Ti0.8O3
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pyroelectric properties individually—thereby decoupling these effects and allowing for exacting 
design of high-performance materials.
5.9  Conclusions
In this chapter, we have explored how deterministic control of compositionally-graded het-
erostructure form (in terms of the nature of the compositional gradient and heterostructure thick-
ness) can be used to tune the crystal and domain structure; and have evaluated its influence on the 
evolution of built-in potentials, ferroelectric, dielectric, and pyroelectric responses in composition-
ally-graded PbZr1-xTixO3 thin films. We observe that the strain state and domain structure is highly 
dependent on the misfit strain at the substrate film interface where when closely lattice matched 
the strain stabilize the tetragonal crystal and domains structures, and enables large residual strains 
and strain gradients to persists. These large strain (and potentially chemical) gradient results in 
large built-in potentials and suppressed dielectric permittivity while having minimal influence on 
the magnitude of the polarization. On the other hand, when there is a large lattice mismatch at the 
substrate film interface the heterostructures relax, giving rise to a complex strain state and domains 
structure with large extrinsic contributions to the dielectric permittivity. We explore the evolution 
of the magnitude of the built-in potential in strained compositionally-graded heterostructures and 
find that the build-in potential does not scale directly with the magnitude of the strain gradient as 
would be expected. Instead, it is found that enhanced built-in potentials are observed in the com-
positionally-graded heterostructures which contain locally enhanced strain gradients occurring 
when traversing chemistries associated with structural phase boundaries (where there are abrupt 
changes in material lattice parameter) and at/near ferroelastic domain boundaries. These obser-
vations suggest that the built-in potential observed in these materials is likely a manifestation of 
a combination of flexoelectric effects (i.e., polarization-strain gradient coupling), chemical-gradi-
ent effects (i.e., polarization-chemical potential gradient coupling), and local inhomogeneities that 
enhance strain (and/or chemical) gradients. Regardless of origin, large built-in potentials act to 
suppress the dielectric permittivity, while having minimal impact on the magnitude of the polar-
ization or pyroelectric responses which is proven to be an effective route to engineer materials with 
improved pyroelectric and potentially piezoelectric figures of merit.
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ChApTER 6 
LABILE FERROELASTIC DOMAIN WALLS IN 
COMpOSITIONALLY-GRADED pbZr1-xTixO3
In the previous chapter, we explored how compositionally-graded heterostructures can be 
designed to retain large residual compressive strains and strain gradients, and evaluated the influ-
ence of this new modality of strain engineering on the crystal and domain structure, and built-in 
potential, as well as its ultimate influence on the ferroelectric, dielectric, and pyroelectric response. 
Specifically, it was observed that through the use of compositional and strain gradients that it is 
possible to stabilize tetragonal crystal and domain structures (c/a/c/a-like) in sections of films with 
chemistries which are rhombohedral in the bulk. Surprisingly, it was found that the presence of 
these domain structures significantly enhance the built-in potential beyond what is expected from 
the magnitude of the strain gradient alone. In this chapter, we use transmission electron microsco-
py-based nanobeam diffraction (NBED) and nanoscale band-excitation switching spectroscopy to 
explore the nanoscale structure and ferroelectric response of these ferroelastic domains. We show 
that strain gradients in compositionally-graded PbZr1-xTixO3 heterostructures can stabilize nee-
dle-like ferroelastic domains which terminate inside the film. Local piezoelectric probes indicate 
that these needle-like domains are highly-labile in the out-of-plane direction under applied electric 
fields and produce locally enhanced piezoresponse. Based on these experiments we derive a switch-
ing mechanism in these compositionally-graded heterostructures with needle-like domains which 
explains their role in enhancing the macroscopic built-in potential. This work demonstrates the 
efficacy of composition and strain gradients in providing new modalities of domain engineering, 
enabling the design of novel domain structures, and the potential for domain wall-based devices 
and applications unachievable in homogeneous thin films.
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6.1  Introduction 
Domains and domain walls are known to dramatically impact the properties of ferroic 
materials. In ferroelectric thin films, domains tend to form highly-ordered ferroelastic domain 
structures that minimize the sum of elastic and electrostatic energies [12, 401]. In practice, a 
diverse range of ferroelastic domain structures and their associated domain walls can be pro-
duced, of which the most common are 90° (in tetragonal systems) [127, 194, 402] and 71° or 109° 
(in rhombohedral systems) domain walls [172, 183]. In the previous chapters, we have demonstrat-
ed the ability to controllably produce such domain structures in ferroelectric thin films and this 
ability can be eloquently exploited to understand contributions to- and to enhance the electrical 
(dielectric) [125], mechanical (piezoelectric) [192], and thermal (pyroelectric) [194, 374] response 
of materials. For simplicity, up until now, we have assumed that the strain which guides ferroelastic 
domain formation is homogeneous, however, it is likely that strain gradients can shape the fine fea-
tures of the domain structures, with the potential to create new forms of ferroelastic domains with 
novel structures and modes of response responses. This potential new modality of domain struc-
ture engineering is particularly intriguing for designing high-density, nanoscale devices derived 
from the unique properties existing at these domain boundaries [64, 158, 403-409]. While there has 
been significant work on using magnetic domain walls for nanoscale devices (which are typically 
10-100 nm in width) [410, 411], ferroelectric domain walls which can be considered analogous 
to magnetic domain walls are particularly intriguing because of their much smaller size (typically 
1-10 nm in width) and additional modalities of response, making their consideration for use in this 
regard a natural one.
Utilizing these ferroelastic domain walls for nanoscale devices requires that they are 
easily indexable (i.e., spatially localized) and can be manipulated (i.e., writable/erasable, change 
shape or orientation, etc.) by application of an external stimuli (i.e., mechanical or (preferably) 
electrical) in a controllable and repeatable manner. While it has been shown that ferroelectric, 
180° domain walls can be created and moved long distances [412], in general, ferroelastic do-
main walls are elastically pinned rendering them essentially immobile [413-415].  Recently, it has 
been shown that it is possible to create, annihilate, and/or manipulate ferroelastic domains by 
locally switching ferroelectric thin films; however, these approaches have limited specificity for 
how or where the domain walls move [126, 127, 416].
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To explore the influence of compositional and strain gradients on the domain structure 
and response, we focus on two heterostructure variants: 1) compositionally homogeneous, 100 nm 
thick PbZr0.2Ti0.8O3 heterostructures (henceforth referred to as homogeneous heterostructures) 
and 2) linear compositionally-graded, 100 nm thick PbZr0.8Ti0.2O3 (top of film)  PbZr0.2Ti0.8O3 
(bottom of film) heterostructures (henceforth referred to as (20,80) compositionally-graded het-
erostructures); whose crystal and domain structure, and macroscopic properties were explored in 
chapter 5. As a reminder, the compositional gradient used is nearly compositionally centered 
between the Ti-rich, tetragonal and the Zr-rich, rhombohedral phases exhibiting an increasing 
bulk in-plane lattice parameter as one transitions from the bottom to the top of the film. All 
heterostructures studied herein are grown on 30 nm SrRuO3/GdScO3 (110) substrates (with lattice 
parameters a = 5.45 Å, b = 5.75 Å, and c = 7.93 Å corresponding to a pseudocubic apc = 3.968 
Å) producing an effective lattice mismatch which varies from 0.71% to -3.64% from the substrate 
to film surface in the compositionally-graded heterostructures (for additional description of these 
heterostructures see section 5.4). Asymmetric reciprocal space mapping (RSM) studies reveal that 
both the homogeneous (Figure 3.5a) and compositionally-graded heterostructures (Figure 5.3c) 
are nearly coherently strained to the substrate, and therefore the homogeneous heterostructures 
are homogeneously strained while the compositionally-graded heterostructures have a strain gra-
dient approaching 4.35 x 105 m-1.
6.2 Domain Structure Characterization
6.2.1  Band-Excitation Piezoresponse Force Microscopy Imaging
Conventional single-frequency (and dual frequency) PFM is highly effectual at imaging the 
general form of a domain structure, however, due to changes in tip contact resonance these tech-
niques commonly result in stochastic false contrast which masks the fine details of the structure 
[328]. To overcome some of these limitations, the ferroelectric domain structure including both the 
vertical and lateral components of the homogeneous (Figure 6.1a-b) and compositionally-graded 
(Figure 6.1c-d) heterostructures were imaged using band-excitation piezoresponse force microsco-
py (BE-PFM). Unlike conventional PFM techniques, which measure the local piezoresponse with a 
scanning probe at a single- or dual-frequencies near the cantilever resonance, BE-PFM measures 
piezoresponse using a frequency band near the cantilever resonance, enabling direct measurement 
of the full cantilever resonance characteristics (as described in Section 2.4.1). The use of band 
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Figure 6.1.  Band-excitation piezoresponse force microscopy (a) ver-
tical amplitude (phase inset) and (b) lateral amplitude (phase inset) im-
ages of homogeneous PbZr0.2Ti0.8O3 heterostructures. Band-excitation 
piezoresponse force microscopy (c) vertical amplitude (phase inset) and 
(d) lateral amplitude (phase inset) images of compositionally-graded 
PbZr0.2Ti0.8O3PbZr0.8Ti0.2O3 heterostructures. Scale bars in all images 
are 500 nm.
a b
c d
excitation for these measurements 
is crucial as it minimizes effects 
from changing tip-sample contact 
resonance that can alter the ob-
served response, enabling the mea-
surement of piezoresponse consis-
tent throughout multiple dimen-
sions (i.e., frequency, spatial, volt-
age, time, etc., See section 2.4.1) 
[328]. Both the homogeneous and 
compositionally-graded hetero-
structures reveal features reminis-
cent of c/a/c/a domain structures 
which are made up of out-of-plane 
polarized c domains and in-plane 
polarized a domains separated by 
90° domain walls (see section 3.3) [82]. At first glance the similarity of these domain structures is 
surprising because at the free surface of the compositionally-graded heterostructures the film is 
compositionally rhombohedral and should exhibit a complex mosaic domain structure (See Fig-
ure 3.6g-i). As shown in chapter 5, it is likely that the presence of the compositional gradient and 
the associated strain gradient can stabilize the tetragonal phase and domain structure even in a film 
with more than 50% of the volume compositionally on the rhombohedral side of the phase dia-
gram [172, 173, 195]. Closer inspection of the piezoresponse images, however, reveal some differ-
ence. Specifically, focusing on the amplitude response within the a domains, the homogeneous 
heterostructures exhibit highly-suppressed vertical piezoresponse (compared to the c domains), 
whereas the compositionally-graded heterostructures have similar (or slightly enhanced) piezore-
sponse within the a domains. This is suggestive that additional differences in these domain struc-
tures may be present.
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6.2.2 Transmission Electron Microscopy Studies of Compositionally-Graded PbZr1-xTixO3 
Heterostructures
To gain more insight into the fi ne-structure of the ferroelastic domains we conducted de-
tailed cross-sectional, high-angle annular dark fi eld (HAADF)-STEM imaging and strain mapping 
studies. While it has been shown that homogeneous heterostructures (particularly under tensile 
strain) primarily form parallelepiped-shaped ferroelastic domains with two (nearly) parallel 90° 
domains walls along the {101} (which transverses the thickness of the fi lm) [417-419], similar stud-
ies on compositionally-graded heterostructure have not been reported. Cross-sectional samples 
were prepared using the focused-ion beam machining lift  out technique and subsequently at-
tached to a Cu grid. Final polishing was done in a nanomill using a 500 eV argon beam. Rep-
resentative HAADF- STEM images of the domain structure of the compositionally-graded het-
erostructure (Figure 6.2a) reveal a c/a/c/a-like domain structure; however, instead of continuing 
the entire way through the thickness of the fi lm the a domains terminate within the thickness of 
Figure 6.2.  (a) High-angle angular dark fi eld scanning transmission electron microscopy image of a compositional-
ly-graded heterostructure revealing the presence of ferroelastic domain structures with needle-like shapes. Nanobeam 
diff raction-based strain mapping of compositionally-graded heterostructures reveals the (b) out-of-plane and (c) in-
plane strain state of the fi lm as well as the (d) local unit cell rotation. (e) Th ickness-dependent average of in-plane and 
out-of-plane strain calculated from the nanobeam diff raction strain mapping. All strain is normalized to the substrate. 
All scale bars are 25 nm.
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the film, forming a tapered needle-like tip where the two 90° domain walls meet. Images taken at 
various locations throughout the heterostructure all consistently show the same tapered, nee-
dle-like domain structures.
Additional STEM-based nanobeam diffraction (NBED) studies were used to probe the local 
strain and strain gradients in the compositionally-graded heterostructures. In brief, elastic strain 
and local crystal rotation mapping about the domain structures was conducted using nanobeam 
diffraction in an FEI Titan, operated at 300 kV. Individual diffraction patterns were collected at 2.5 
nm intervals over a 160 nm x 160 nm region. Diffraction peak locations were identified relative to 
a reference pattern using cross-correlation analysis, which was then used to calculate the local 
elastic strain and crystal rotation. Additional details of the elastic strain mapping approach can be 
found in (section 2.4.4 and Ref. 338). This analysis approach was chosen as it allows for the high 
resolution imaging of the two dimensional strain tensor over areas much larger that possible with 
other standard techniques such as geometric phase analysis. 
Starting with the out-of-plane strain (Figure 6.2b), there is evidence of a strain gradient 
consistent with an increasing out-of-plane lattice parameter as one transitions from the substrate 
to the free surface. Similar analysis of the in-plane strain (Figure 6.2c) reveals nearly homogeneous 
in-plane strain punctuated by a domains which show large relativistic in-plane strains; however, 
overall the heterostructures are nearly coherently strained to the substrate in-the-plane. Finally, 
one can also map the unit cell rotation (Figure 6.2d) which shows that (as expected) the a domains 
are rotated ~90° with respect to the c domains (indicating that their polarization is in-plane orient-
ed). Thickness-dependent averaging of the strain state measured relative to the substrate (Figure 
6.2e, excluding the a domains) reveals an out-of-plane strain differential of ~3.8% and an in-plane 
strain differential of ~1.2% across the thickness of the film. 
From these maps it is possible to calculate the thickness dependent epitaxial strain by av-
eraging each line (perpendicular to the out-of-plane direction) excluding those values associated 
with the a domains (those with an in-plane oriented c axis). To isolate/partition the c domain re-
gions from the a domains and substrate/bottom electrode, an arbitrary cutoff strain of -1.5% (in 
reference to the global mean strain) was used. The partitioned region (Figure 6.3) shows that this 
cutoff is effective to partition the c domains from the a domains and substrate/bottom electrode.
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Using the calculated thickness-dependent average strain we are able to quantify the strain 
gradient in the material and compare this to the average theoretical maximum strain gradient of 
the heterostructures.  The strain in the top- and bottom of the PbZr1-xTixO3 layer can be calculated 
using  f b
b
a a
a
ε
−
= , where ε is the local strain, af  is the lattice parameter of the film, and ab is the bulk 
lattice parameter. In the case of the maximum theoretical 
strain gradient, we are under the working assumption that 
the film is coherently strained to the substrate, and there-
fore, af =as =3.968 Å, while ab is 3.94 Å and 4.118 Å for 
PbZr0.2Ti 0.8O3 and PbZr0.8Ti 0.2O3, respectively. Using these 
values and assumptions, the misfit strain for the PbZr0.2Ti 0.8O3 
and PbZr0.8Ti 0.2O3 layers are 0.0071 (tensile) and -0.0364 
(compressive), respectively. Since this strain transitions over 
the film thickness (100 nm) the maximum theoretical strain 
gradient is ~4.35 x 105 m-1. To quantify the actual strain gra-
dient based on the NBED studies, we calculate the average 
measured lattice parameter of the PbZr0.2Ti 0.8O3 and PbZr0.8Ti 0.2O3 by multiplying the measured 
strain (in reference to the substrate lattice parameters) by the substrate pseudocubic lattice param-
eter. Using this approach, we find the lattice parameters to be 3.9704 Å and 4.0144 Å at the sub-
strate-film interface (PbZr0.2Ti 0.8O3) and at the free surface (PbZr0.8Ti 0.2O3), respectively. By replac-
ing af with these measured values, we calculate the local strain to be, 0.0077 (tensile) and -.0251 
(compressive) for the PbZr0.2Ti 0.8O3 and PbZr0.8Ti 0.2O3, respectively; giving rise to an actual strain 
gradient of 3.28 x 105 m-1. While this actual strain gradient is slightly less than the maximum theo-
retical strain gradient, it is still very large, demonstrating the efficacy of controlled compositional 
gradients in generating large strain gradients. 
Closer inspection of the strain maps provides additional insights. For instance, focusing 
on the strain near the tip of the domain, there is evidence for increased and reduced strain along 
the top and bottom edges of the ferroelastic domain, respectively, an observation consistent with 
phase-field models of needle-like a domains [395]. Furthermore, focusing again on the tip of the 
needle-like domain, we observe unit cell rotation near the leading edge, an indication of a lo-
cal structural instability associated with the highly-energetic domain wall. The observation of 
Figure 6.3.  Calculated partition used to 
quantify the average strain gradient from 
NBED in compositionally-graded hetero-
structures. Red regions represent the pixels 
used for the averaging.
25 nm
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needle-like domains which terminate within the thickness of the film can be understood consid-
ering the strain and strain gradients present in the compositionally-graded heterostructures. 
Data shows that as the unit cell tetragonality increases from the substrate to the free surface the 
volume fraction of a domains necessary to accommodate the strain state likewise reduces, caus-
ing the domain walls to taper to a point. This tapering wall is, however, geometrically required 
to deviate from the ideal electrical boundary along the {101} and, to minimize the energy of this 
high-energy boundary, localized polarization rotation occurs. Such high-energy structures are 
likely relatively unstable and should be highly responsive under electrical and mechanical stimuli 
[166, 394]. Collectively, these results demonstrate the potential for deterministic compositional 
and strain gradients to be used to modify the elastic conditions driving ferroelastic domain for-
mations thereby enabling the stabilization of needle-like domains.
6.3 probing Ferroelectricity on the Nanoscale in Single-Layer and 
Compositionally-Graded pbZr1-xTixO3 heterostructures
To explore how variation in ferroelastic domain shape and structure influences the domain 
wall response, we proceeded to conduct detailed BE-PFM switching spectroscopy (BE-SS) studies. 
This technique measures piezoresponse hysteresis loops analogous to macroscopic ferroelectric 
hysteresis loops with the primary exception that it is conducted with a nanoscale scanning probe 
which enables mapping of variations in response with nanoscale resolution. To complete these 
measurement a small-signal BE voltage waveform is used to measure the local piezoresponse at 
various voltage steps along a bipolar triangular switching waveform at remanence. The extracted 
local piezoresponse at each voltage step provides spatial maps that can be used to visualize and 
understand the switching process (see section 2.4.2 for more details).
6.3.1 Band-Excitation Switching Spectroscopy of Homogeneous PbZr0.2Ti0.8O3 Heterostructures
To demonstrate the capabilities of this technique we first investigate the homogeneous het-
erostructures, whose switching process is better understood. For reference, we show a represen-
tative macroscopic hysteresis loop (measured at 10 kHz, Figure 6.4a). It is important to note that 
this hysteresis loop is symmetric (i.e., possessing no voltage offset) implying that there is no mac-
roscopic preference for the up- or down-poled state. A selection of amplitude (indicating the ver-
tical piezoresponse at remanence) and phase (indicative of the out-of-plane polarization direction) 
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Figure 6.4.  (a) Typical macroscopic ferroelectric hysteresis loop of a homogeneous PbZr0.2Ti0.8O3 heterostructure 
measured at 10 kHz. (b-f) Corresponding band-excitation switching spectroscopy amplitude (left /top) and phase 
(right/bottom) images of the same homogeneous PbZr0.2Ti0.8O3 heterostructure measured at various stages of ferro-
electric switching (as labeled). All scale bars are 500 nm. (g-j) Schematic illustrations of the switching process in the 
homogeneous PbZr0.2Ti0.8O3 heterostructures. Only the positive-bias half of the switching process is shown. Switching 
from the down-poled to the up-poled state happens in a similar manner, but with polarization of opposite sense. Th e 
color key on the bottom right labels the polarization directions in the illustrations.
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maps of the local piezoresponse at various voltages throughout the switching cycle are provided 
(Figure 6.4b-f, additions images are provided in Appendix D, as a fl ip book starting from the last 
page of this thesis, and movies compiled from the complete set of measurements are available on-
line). Starting with the entire region up-poled, as indicated by a uniform blue phase image (Figure 
6.4b), the amplitude is, as expected, larger in the c domains (where the polarization and measure-
ment direction are parallel) compared to the a domains (where the polarization and measurement 
direction are perpendicular). Application of positive bias results in rapid 180° switching to the 
down-poled state, as indicated by a change in phase from blue to red (Figure 6.4c). As the voltage 
increases, the region eventually reaches a fi nal state with a similar amplitude response, but with 
phase of opposite sense as the original state (uniformly red, Figure 6.4d), indicating that ferro-
electric switching to the down-poled state has occurred. Upon application of negative bias (Figure 
6.4e-f), this process proceeds in reverse returning to its initial up-poled state. Th roughout multiple 
switching cycles the a domains remain in the same location, an indication that they are eff ectively 
immobile. While there is some evidence of random domain structure reconfi guration following the 
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BE-SS measurements, consistent with recent reports, the vast majority of the domains remain fixed 
[126, 127, 416].
These results are readily understood based on conventional theories and observations of 
ferroelectric switching in homogeneous heterostructures [415, 419]. Starting with the sample in 
the up-poled state (Figure 6.4g), the polarization of a particular a domain is fixed to avoid forming 
a charged domain wall. Ferroelectric switching occurs by nucleating a down-poled c domain which 
tends to nucleate near (or at) an a domain (Figure 6.4h). This down-poled domain then grows until 
being hindered by the presence of a 90° domain wall (which is now charged, Figure 6.4i). As the 
bias increases, this a domain can undergo 180° switching, eliminating the charged domain wall 
and allowing the film to switch to completion (Figure 6.4j). The final up- and down-poled states 
are energetically equivalent and therefore switching in reverse occurs in an identical manner. This 
switching process is hysteretic in nature and shows nearly identical response during repeated volt-
age cycling.
6.3.2 Band-Excitation Switching Spectroscopy of (20,80) Compositionally-Graded 
Heterostructures
In the compositionally-graded heterostructures, on the other hand, similar BE-SS studies 
reveal a vastly different response. Again, for reference, we show a representative macroscopic fer-
roelectric hysteresis loop (measured at 10 kHz, Figure 6.5a) which reveals a significant offset along 
the voltage axis (~200 kV/cm). As previously shown (see section 5.7.1), The observed voltage-offset 
of the hysteresis loops, or built-in potential, is not the result of imprint of asymmetric electrodes 
[240], and instead, is caused by the presence of strain and/or chemical gradient as well as other 
intrinsic symmetry breaking (such as defects and domain structures) [164, 166, 167, 212, 223]. The 
presence of this voltage offset implies that the film has a macroscopic preference to be self-poled in 
the up direction.
 Local switching studies, again starting with the sample in the up-poled state (the self- pol-
ing direction, Figure 6.5b), reveal a large amplitude response within the up-poled c domains (as 
compared to the a domains) as observed in the homogeneous heterostructures. As positive bias 
is applied (starting the switch the film to the down-poled state, Figure 6.5c), there is evidence of 
a change in phase near the domain boundary (orange regions in phase images); along with sup-
pressed piezoresponse in both the c and a domains, indicative of switching occurring at or near 
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Figure 6.5.  (a) Typical, macroscopic ferroelectric hysteresis loop of a 100 nm compositionally-graded (20,80) het-
erostructure measured at 10 kHz. (b-f) Corresponding band-excitation switching spectroscopy amplitude (left /top) 
and phase (right/bottom) images of the same compositionally-graded PbZr1-xTixO3 heterostructure measured at vari-
ous stages of ferroelectric switching (as labeled). All scale bars are 250 nm. (g-j) Schematic illustrations of the switch-
ing process in the compositionally-graded PbZr1-xTixO3 heterostructures. Th e color key on the bottom right labels the 
polarization directions in the illustrations.
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the domain boundaries. Increasing the positive bias further (Figure 6.5d) results in an increase 
of the areal fraction of switched region (i.e., orange regions of the phase image). Additionally, we 
note that there is an enhancement in the local piezoresponse at the a domains as compared to the c
domains. As the bias is reduced in magnitude (Figure 6.5e), the fi lm begins to back switch (driven 
by the self-poling), the a domains reduce their presence, and the piezoresponse appears nearly uni-
form. Eventually, under large enough negative biases, evidence of the domains in the phase image 
nearly disappears (Figure 6.5f). Th is negative-bias state (Figure 6.5f) has an inversed relative local 
piezoelectric response from the high-fi eld, positive-bias state (Figure 6.5d). Th is switching process 
observed here is highly asymmetric in nature with application of positive and negative fi elds pro-
ducing vastly diff erent responses both in the c and a domains (see additional images provided in 
appendix E, fl ip book starting on the last page of this thesis, and movies available online).
Th e switching process in compositionally-graded heterostructures with needle-like do-
mains has not been explored to date. Using our understanding of the structure and the insight 
from the BE-SS it is possible to develop a model for the switching process. Starting with the fi lm 
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in the up-poled state (the self-poling direction, Figure 6.5g) application of positive bias drives the 
polarization towards the down-poled state. In doing so, via the piezoelectric effect, there is a slight 
decrease in tetragonality (up until switching), which should drive an increase in the total volume 
fraction of a domains. While changes in the volume fraction of a domains are limited in homo-
geneous heterostructures with parallelepiped-like domains, in the case of compositionally-graded 
heterostructures, the high-energy tip of the needle-like domain can expand towards the free sur-
face (Figure 6.5h). The ability to undergo such a c  a transitions is associated with a large change 
in the out-of-plane lattice parameter which translates to a large piezoelectric response at the a do-
mains (under positive bias). As the needle-like domains grow, it is important to consider the chang-
ing elastic and electrical conditions. As the domains grow there is an increase in elastic energy, as 
the shape of the domain deviates from its as-grown state, as well as a reduction in electrical energy 
associated with converting the high-energy domain front (evidenced by the observed polarization 
rotation at the tip of the needle-like domain) to a nominally-uncharged, parallelepiped-like do-
main with coherent interfaces with the neighboring c domain along the {101}. Once the needle-like 
domain transverses the thickness of the film, it is possible to switch the film to the down-poled state 
(final state shown in Figure 6.5i, in a manner identical to the homogeneous heterostructure, Figure 
6.4i-j). Note that nucleation of a down-poled domain prior to the a domain traversing the film is 
unlikely since the system would have to 1) overcome the preference for the up-poled state (defined 
by the self-poling direction), 2) form a charged domain wall, and 3) transition through a cubic-like 
state that drives expansion of the needle-like domains. Upon releasing the bias, a combination of 
the strong macroscopic self-poling and stored elastic energy drives the film and domain structure 
to switch back to its initial state (as indicated by the blue arrow, Figure 6.5ig).
Conversely, from the as-grown state, upon application of negative bias (driving the hetero-
structure towards the self-poled direction), the tetragonality of the film increases via the piezoelec-
tric effect, begetting a reduction in the volume fraction of a domains. This results in the contraction 
of the ferroelastic domains (Figure 6.5j). Complete removal of the a domain is unlikely because of 
the strain state of the film and substrate clamping. We note that in-situ electrical and structural 
characterization using TEM of needle-like domains have observed that these domains cannot be 
completely excluded even under fields approaching the breakdown voltage (~2000 kV/cm) [394]. 
Additionally, because these ferroelastic domains are typically pinned at the substrate film interface, 
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as the a domains shrink, due to geometric requirements, there is an increasing deviation of the 
domain wall orientation from the nominally-uncharged {101}, which gives rise to an electrical 
energy cost which signifi cantly suppresses further domain wall contraction under negative bias 
[394]. Th erefore, given the large associated electrical energy to undergo an ac transition at the 
ferroelastic domain, we would expect, as observed, suppressed piezoelectric response within the a
domains (under negative bias). Upon releasing the electric fi eld these domains once again release 
their stored electrical and elastic energy, returning to their as-grown state.
6.3.3 Comparison of Nanoscale Switching in Homogeneous PbZr0.2Ti0.8O3 and (20,80) 
Compositionally-Graded Heterostructures 
Th e main diff erences in the switching process can be highlighted by examining a voltage- 
lapse images of a small section centered around a ferroelastic domain in both the homogeneous 
(Figure 6.6a) and compositionally-graded (Figure 6.6b) heterostructures. In the homogeneous het-
erostructures, we see that switching (phase inversion) occurs abruptly and the amplitude in the c
domain, although changing in magnitude, is universally larger than in the a domains. Conversely, 
in the compositionally-graded heterostructures, switching (phase inversion) happens more gradu-
ally and is localized near the domain boundary. Additionally, the compositionally-graded hetero-
structures show variations in the relative piezoresponse, having suppressed piezoresponse in the a
domains (similar to the homogeneous heterostructures) in the as-grown state and under applica-
tion of negative bias, but enhanced piezoresponse under large positive biases. 
Figure 6.6.  Voltage-lapse images near an a domain of (a) homogeneous PbZr0.2Ti0.8O3 and (b) compositionally-grad-
ed PbZr1-xTixO3 heterostructures imaged throughout an entire switching cycle. 
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6.3.4 Comparison of Average Piezoresponse Loops in Homogeneous PbZr0.2Ti0.8O3 and (20,80) 
Compositionally-Graded Heterostructures
Since at each point in these measurements there is a corresponding piezoelectric hysteresis 
loop it is possible to cluster and calculate the spatially-averaged response of the loops based on the 
domain structure and response. To extract average hysteresis loops reflective of the response within 
the a and c domains the spatial maps of the response were partitioned. To do this an arbitrary cutoff 
considering the amplitude and offset was chosen to partition the regions of the homogeneous and 
compositionally-graded heterostructures to generate an image reflective of the domain structure 
(Figure 6.7a-b). From these figures it is clear that the partitioning method was effective at isolat-
ing the c and a domains. Once partitioned the mean piezoresponse along each voltage step can be 
calculated in both the c and a domain regions, forming an average piezoresponse loop (as shown 
for the homogeneous PbZr0.2Ti 0.8O3 and compositionally-graded heterostructures, Figure 6.7c-d, 
respectively). 
Starting with the homogeneous PbZr0.2Ti 0.8O3 heterostructures we observe that the average 
hysteresis loop of the c domains has a significantly larger piezoresponse and slightly reduced coer-
civity, compared to the a domains. In addition, the centroid (i.e. the center of mass) of the hystere-
sis loop can be calculated (as shown by the hatched circles). The loop centroids for the homoge-
neous heterostructures show essentially no spatially-correlated shift along the voltage axis between 
the a and c domains. Moving on to the compositionally-graded heterostructures we notice that the 
a and c domains have nearly invariant piezoresponse at remanence. Changing our focus to the loop 
Figure 6.7.  Maps of a and c domain partitions in (a) homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded 
PbZr1-xTixO3 heterostructures. Average piezoelectric hysteresis loops of a domains (red) and c domains (blue) in (c) 
homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded PbZr1-xTixO3 heterostructures. Loop centroids are marked 
with the cross hatched circle.
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centroid we notice a significant shift (toward negative bias direction) at the a domains compared to 
the c domains. While analyzing the data using this approach provides some insight, analyzing the 
data based on clustering and averaging the response has many flaws. First, because of the size of the 
datasets, outlier data points are difficult to exclude, yet can significantly impact the average loop 
shape. Secondly, clustering and averaging in this manner requires that the user define the bounds 
for clustering meaning only features which are already known to the user are revealed.
6.3.5 Comparison of Loop Fitting Parameters in Homogeneous PbZr0.2Ti0.8O3 and (20,80) 
Compositionally-Graded Heterostructures
To visualize the data more analytically with less human imposed bias, we fit each of the 
piezoelectric loops to an empirical model where the fitting parameters represent tangible loop 
shape features (see section 2.4.3). Here, we show spatial maps of the magnitude (i.e., the absolute 
value) of the negative (Ec-) and positive (Ec+) coercive fields and offset (i.e., the midpoint between 
these values) for the homogeneous (Figure 6.8a-c, maps of other loop shape parameters are includ-
ed in Appendix F) and compositionally-graded (Figure 6.8d-f, maps of other loop shape parame-
ters are included in Appendix F) heterostructures. The homogeneous heterostructures shows an 
increase in the magnitude of the coercive field at the a domains; however, this increase in coercivi-
ty is symmetric, causing no variance in the offset. This result indicates that the heterostructure 
(both in the c and a domains) has a 
similar preference to be in the up- 
or down-poled state. While these 
results are consistent with the ex-
tracted average piezoelectric loops 
these features are much easier to 
visualize based on maps of the loop 
fitting parameters, demonstrating 
the utility of this analysis approach. 
Moving on to the compositional-
ly-graded heterostructures, the Ec- 
is found to be nearly invariant 
while there is a reduction in Ec+ 
Figure 6.8.  (a) Negative coercive field (Ec-), (b) positive coercive field 
(Ec+), and (c) voltage offset for homogeneous PbZr0.2Ti0.8O3 heterostructures 
extracted from fits of the piezoelectric hysteresis loops. (d) Negative coer-
cive field (Ec-), (e) positive coercive field (Ec+), and (f) voltage offset for 100 
nm compositionally-graded (20,80) heterostructures extracted from fits of 
the piezoelectric hysteresis loops. 
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near the a domains. The combination of these two results gives rise to a spatially-correlated nega-
tive offset near the a domains; indicating that the a domains have a preference to be in their positive 
bias configuration (i.e., the “down-poled state”).
The negligible offset in the homogeneous heterostructures is the result of the fact that the 
structure is symmetric and the interaction between the a and c domains is independent of field 
direction. The response in the compositionally-graded heterostructures is more complex. The ob-
served offset at/near the a domains is opposite that of the macroscopic hysteresis loops a mea-
surement sensitive to the nature of the c domains, which occupy the vast majority of the hetero-
structure. In turn, this suggests that the different domains essentially transfer energy between one 
another under external bias, acting like a “spring” in that each drives a return of the other to the 
favorable as-grown state upon release of the applied bias. In other words, the associated change in 
the shape of the ferroelastic domains under bias will, in turn, generate a restoring force to its “equi-
librium” as-grown state. We contest that the primary energy responsible for this asymmetry is the 
electrostatic energy. Although there is an elastic energy change under both positive and negative 
bias, this change is likely similar in magnitude and thus cannot be used to explain the offset. The 
electrostatic energy change, however, would be expected to be different, because of the change in 
the angle of inclination of the domain wall under negative and positive bias is not the same. Under 
negative bias, the a domains are driven to be nearly excluded from the film, causing the domain 
walls to deviate from the nominally-uncharged {101} (forming an energetic, charged domain wall) 
while under positive bias, the a domains are driven to be parallelepiped-like, which in the pro-
cess converts a charged domain wall to a nominally-uncharged domain wall (reducing its energy). 
This elastic restoring force caused by the presence of ferroelastic domain walls provides a suitable 
mechanism to explain the anomalous enhancement in built-in potential observed in composition-
ally-graded heterostructure with ferroelastic domains [173]. Overall, the spring-like interaction of 
the a and c domains demonstrate the importance of the elastic boundary conditions in stabilizing 
these high energy and responsive domain structures.
6.3.6 High Field Local Piezoresponse of Homogeneous PbZr0.2Ti0.8O3 and (20,80) 
Compositionally-Graded Heterostructures
To demonstrate the tangible implications of the observed differences in domain structure 
and switching mechanics we measured the local, high-field piezoresponse (at Vac ≈ ½Ec) using 
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BE-PFM for the homogeneous (Figure 6.9a) and compositionally-graded heterostructures (Figure 
6.9b). In the homogeneous heterostructures we observe larger piezoresponse within the c domains 
and lower response within the a domains; which matches our intuition given that the polarization 
is parallel (perpendicular) to the measurement direction in the c (a) domains. The opposite re-
sponse is observed in the composi-
tionally-graded heterostructure 
where the piezoresponse is signifi-
cantly larger within the a domains as 
compared to the c domains. This is a 
manifestation of the highly labile 
needle-like ferroelastic domains and 
the corresponding ca and ac 
transitions that take place under applied bias. These large structural transitions produce locally-en-
hanced piezoresponse demonstrating the efficacy of compositional and strain gradients in stabiliz-
ing highly susceptible, high energy domain structures with large localized piezoresponse.
6.4 Conclusions
In conclusions, we demonstrate how compositional and strain gradients can be used to 
modify ferroelastic domain structures facilitating the design of highly-labile and springy ferroelec-
tric domains. Specifically, we observe that compositional and strain gradients can preferentially 
stabilize highly-energetic, needle-like domains, which under electrical excitation, are highly labile 
in the out-of-plane direction (while remain spatially fixed in the plane) throughout successive field 
cycling. These labile domain walls give rise to locally enhanced piezoresponse at the a domains as 
the result of a switching mechanism where the a domains expand towards the free surface or are 
nearly excluded from the film (depending on the direction of applied bias). This work presents 
new modalities of domain structure engineering through the use of controlled compositional and 
strain gradients with significant implications for designing novel forms of ferroelastic domains that 
are indexable, yet highly mobile, providing new routes to design novel domain wall functionalities 
inconceivable in homogeneous thin films. These new route to design domain wall structure and re-
sponse using compositional and strain gradients has the potential to revolutionize the burgeoning 
field of nanoscale domain wall devices.
Figure 6.9.  High-field  (½Ec) piezoresponse force microscopy imag-
es of (a) homogeneous PbZr0.2Ti0.8O3 heterostructures and (b) 100 nm 
(20,80) compositionally-graded heterostructures showing inverted re-
sponses.
a b
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ChApTER 7 
SUMMARY OF FINDINGS, pRELIMINARY WORK, 
AND SUGGESTIONS FOR FUTURE WORK
7.1  Summary of Findings 
In this thesis, we have explored new modalities of strain engineering through the use of 
chemical pressure, strain, and strain gradients to achieve novel modes of ferroelectric/ferroelas-
tic response, and ultimately unique combinations of ferroelectric, dielectric, and pyroelectric sus-
ceptibilities impossible in more conventional systems. We began our discussion by conducting a 
systematic study of crystal and domain structures in epitaxial PbZr1-xTixO3 thin films across the 
composition phase diagram. Using these model systems, we establish a framework to understand 
how chemical composition, and crystal and domain structure influences the ferroelectric, dielec-
tric, and piezoelectric responses of these heterostructures. 
We then took an in-depth look at how epitaxial strain, in the form of lattice mismatch, can 
impact the evolution of crystal and domain structure, and in the end the properties of PbZr0.52Ti0.48O3 
thin films, which are chemically close to the MPB. In general, we highlighted the complexity of 
strain evolution in highly-adaptable PbZr0.52Ti0.48O3 thin films and revealed how the innate flat en-
ergy landscape and resulting phase competition can skirt classical assumptions of epitaxial strain. 
Ultimately, we showed that high-quality, single-phase films of PbZr0.52Ti0.48O3 exhibit significantly 
different dielectric responses when grown on various substrates despite the appearance of a “re-
laxed” crystal structure. We used local probes of switching in these heterostructures to reveal dis-
tinct differences in the average switched area of the heterostructures, and correlate this difference to 
the lattice mismatch, and its role in modifying the elastic boundary conditions of the heterostruc-
tures. Subsequent dielectric and ferroelectric studies revealed transitions in ferroelectric switching 
at ultra-low frequencies and in the dielectric response at high dc fields, which suggests that reduced 
residual strain promotes full adaptability of the structure under applied fields and, as a result, en-
hanced electric-field susceptibility. Overall, we showed that PbZr0.52Ti0.48O3 thin films – and other 
systems with phase competition – may not be beholden to the classic effects of epitaxial strain in 
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the same manner as more conventional materials. 
Building off our knowledge of how chemistry, strain, strain relaxation, and crystal and do-
main structure can tune the susceptibilities of epitaxial PbZr1-xTixO3 thin films, we explored how 
compositionally-gradient form (in terms of the nature of the compositional gradient and hetero-
structure thickness) can be used to tune the crystal and domain structure, and evaluated its influ-
ence on the evolution of the built-in potential, ferroelectric, dielectric and pyroelectric responses. 
We observed that the strain state and domain structure are highly dependent on the misfit strain 
at the substrate film interface, where when closely lattice matched the strain stabilizes a tetragonal 
crystal and domain structure, and enables large residual strains and strain gradients to persists. 
These large strain (and potentially chemical) gradients result in large built-in potentials and sup-
pressed dielectric susceptibilities while having minimal influence on the magnitude of the polar-
ization. On the other hand, when there is a large lattice mismatch at the substrate film interface 
the heterostructures relax, giving rise to a complex strain state and domains structure with large 
extrinsic contributions to the dielectric permittivity. In our exploration of these heterostructures 
we found that the built-in potential in strained, compositionally-graded heterostructures does not 
scale directly with the magnitude of the strain gradient as would be expected. Instead, it was found 
that the built-in potential is enhanced in compositionally-graded heterostructures which contain 
locally enhanced strain gradients, which occur when traversing chemistries associated with struc-
tural phase boundaries (where there are abrupt changes in the lattice parameter) and at/near ferro-
elastic domain boundaries. Therefore, we posit that the built-in potential observed in these mate-
rials is likely a manifestation of a combination of flexoelectric effects (i.e., polarization-strain gra-
dient coupling), chemical-gradient effects (i.e., polarization-chemical potential gradient coupling), 
and local inhomogeneities that enhance strain (and/or chemical) gradients. Regardless of origin, 
large built-in potentials act to suppress the dielectric permittivity, while having minimal impact on 
the magnitude of the polarization or pyroelectric responses; which we prove to be an effective route 
to engineer materials with improved pyroelectric and potentially piezoelectric figures of merit. 
To explain the anomalous enhancement in built-in potential observed in compositional-
ly-graded heterostructure with ferroelastic domains we employed detailed transmission electron 
microscopy-based nanobeam diffraction and nanoscale band-excitation switching spectroscopy to 
explore the nanoscale structure and response of these ferroelastic domains. We demonstrated how 
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compositional and strain gradients can be used to modify ferroelastic domain structures facilitating 
the design of highly-labile and “springy” ferroelectric domains. Specifically, we observed that com-
positional and strain gradients can preferentially stabilize highly-energetic, needle-like domains 
which under electrical excitation are highly labile in the out-of-plane direction (while remaining 
spatially fixed in the plane) throughout successive field cycling. These labile domain walls give rise 
to locally enhanced piezoresponse at the a domains as the result of a switching mechanism where 
the a domains expand towards the free surface or are nearly excluded from the film (depending on 
the direction of applied bias). This work presented new modalities of domain structure engineering 
through the use of controlled compositional and strain gradients with significant implications for 
designing novel forms of ferroelastic domains that are indexable, yet highly mobile, and providing 
new routes to design novel domain wall functionalities inconceivable in homogeneous thin films.
All told, this work develops new routes of strain-based crystal and domain structure en-
gineering using chemical composition, epitaxial strain, and chemical and strain gradients to sta-
bilize new phases and domain structures, and to promote phase competition. Furthermore, this 
work demonstrates some of the practical implications of these novel strain-engineered structures 
in terms of their ability to control dielectric, ferroelectric, piezoelectric, and pyroelectric respons-
es, and hints at other potential nanoscale impacts of these engineered materials and structures. 
Throughout this work, due to the complexity of the materials and types of responses in the materi-
als we were presented with a number of major experimental hurdles that necessitated the develop-
ment of new approaches or techniques. Some of the major technical contributions include:
• Development of a low-cost, high-bias field method to extract extrinsic and intrinsic dielec-
tric permittivity and tunabilitiy. 
• The development of an approach and methodology to quantify strain relaxation in compo-
sitionally-graded heterostructures.
• Expansion of the approach and methodologies used to extract physically significant insight 
from band-excitation switching spectroscopy.
• Demonstration of the first direct measurement of strain gradients in compositionally-grad-
ed heterostructures using nanobeam electron diffraction.  
While significant progress in developing new materials, characterization tools, and physical 
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understanding of phenomena has been made in this work, we have not reached our limitations. In-
stead, we have just laid the groundwork necessary to intelligently design and understand new, more 
complex, material systems, with a slightly expanded toolbox of techniques capable of peering into 
their structures and modes of response at new depths. The following sections will highlight some 
of the areas most primed for exploration and discovery.
7.2 preliminary Work
7.2.1 Introduction to Mixed-Phase Structures
Throughout this thesis we focused on new strain-based routes to engineer materials using 
thin-film epitaxy. One of the primary limitations in our ability to impose epitaxial strain has been 
the availability of substrate and electrode materials with suitable lattice parameters. Particularly, 
up until very recently, there was dearth of available substrates and electrode materials with lattice 
parameters approaching 4.0 Å, capable of imposing large tensile strains on PbZr1-xTixO3. Within the 
last few years, the slight increase in availability of rare earth scandate substrates [i.e. SmScO3 (110, 
apc=3.985 Å), NdScO3 (110, apc=4.01 Å) and PyScO3 (110, apc=4.02 Å)] as well as familiarity growing 
Ba0.5Sr0.5RuO3 (apc=3.967 Å) a conductive perovskite oxide has expanded the range of tensile strains 
which can be imposed. The ability to grow heterostructures on substrates with large tensile strains 
is particularly interesting as the lattice parameters of these substrates falls between the in-plane lat-
tice parameters of the phases and domain variants which can exist. In turn, applying strain of this 
form has the possibility of driving phase competition to accommodate the strain state.
Such strain-engineered phase competition is not a new concept and has been employed in 
highly compressively strained BiFeO3 (~4.5% compressive, traditionally a rhombohedral distorted 
perovskite phase), to stabilizes, in some areas, a tetragonally distorted perovskite phase, creating 
mixed-phase structures [64]. These mixed-phase structures possess stripe-like features of a tetrag-
onal-like phase (which is actually a monoclinically-distorted version of a super-tetragonal struc-
ture) and a small fraction of rhombohedral-like phase (which is also actually monoclinic, but a 
derivative of the parent rhombohedral phase) [118, 187, 420-423]. These structures are particularly 
interesting as they have been shown to exhibit enhanced electromechanical responses, the ability 
to locally write and alter the domain structures, and allow for stimuli-induced (i.e. electrical, ther-
mal, mechanical) structural phase transformations which tend to produce large susceptibilities (i.e. 
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dielectric, pyroelectric, piezoelectric, etc.) [187, 374, 424-426]. While these mixed-phase structures 
in BiFeO3 are interesting from a scientific standpoint their practical implications are limited by the 
relatively high conductivity of BiFeO3 thin films [427-429]. This ability to use strain to generate and 
control phase competition in other systems (with acceptable leakage characteristics) would provide 
new routes to enhance dielectric, piezoelectric, pyroelectric, and potentially electrocaloric respons-
es in materials that could be easily integrated into functional devices.
7.2.2 Design of Mixed-Phase PbTiO3 Heterostructures
Now considering the PbZr1-xTixO3 system specifically, when applying moderate tensile 
strains tetragonal PbZr1-xTixO3 accommodates the strain by forming increasing fractions of in-
plane oriented a domains. At some point, however, the tensile strain will become so large that in 
order to minimize the total energy the strain is accommodated by forming a hierarchical mixed-
phase structure, with some fraction of c/a/c/a and a1/a2/a1/a2 super-domains [430]. For our initial 
investigation of highly-tensile strained PbZr1-xTixO3 we choose to grow 100 nm thick films of Pb-
TiO3 (a = 3.9045 Å, c = 4.1524 Å) /15 nm Ba0.5Sr0.5RuO3 on substrates with various misfit strains 
[ranging from 2.1% (4.0%) to 2.9% (3.1%) tensile (compressive) for the c and a axis, respectively). 
PbTiO3 was chosen for our initial studies as it has the smallest in plane lattice parameter within the 
PbZr1-xTixO3 system.
7.2.3 Domain Structure of Mixed-Phase PbTiO3 Heterostructures
All heterostructures, showed mixed-phase regions consisting of regions of c/a/c/a-like 
stripes surrounded by a1/a2/a1/a2-like super-domain regions, where the relative areal fraction of the 
a1/a2/a1/a2 super-domains increases with increasing tensile misfit strain. It is worth mentioning 
that during the time of this work, a single publication showing similar mixed-phase structures in 
PbZr0.1Ti0.9O3 thin films grown on SmScO3 (110) was reported [119]. For brevity in this discussion, 
we focus our attention solely on the heterostructure grown on SmScO3 (110), as the other hetero-
structures showed similar features. Starting by looking at the topographic features of these hetero-
structures (Figure 7.1a) we observe a hierarchical structure of c/a/c/a and a1/a2/a1/a2 super-domain 
regions oriented as if they were a conventional c/a/c/a domain structure, within which there is a 
finer scale domain structure. Looking at the topography in these super-domain regions a saw-
tooth-like topography is observed in the c/a/c/a super-domain regions while the a1/a2/a1/a2 regions 
appear essentially flat. A line trace taken across the top surface of a c/a/c/a region (Figure 7.1b) 
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Figure 7.1.  (a) Topography image 
of mixed-phase PbTiO3 heterostruc-
tures on SmScO3 (110) showing re-
gions of c/a/c/a-like and a1/a2/a1/a2-
like domain structures. (b) line trace 
across a c/a/c/a-like regions indicat-
ing the tilt angles of the domains
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reveals that the c/a/c/a regions are elevated ~1.5 nm above the a1/a2/
a1/a2 and are tilted ~0.85-1.7º in reference to the substrate normal.
To observe the domain structure in more detail we conduct-
ed detailed piezoresponse force microscopy in both the vertical and 
lateral directions (Figure 7.2a-b). These studies confirm our initial 
hypothesis regarding the structure which consists of bands of c/a/c/
a-like super-domain regions [which appear bright (dark) in the ver-
tical (lateral) amplitude images] and a1/a2/a1/a2-like super-domain 
regions [which appear dark (bright) in the vertical (lateral) ampli-
tude images]. Now looking at the phase images, and starting with 
the vertical response, we observe that the heterostructures are pri-
marily poled in a single direction, with just a few  antipolar (or 180º) 
domains. Moving on to the lateral phase images we observe fine 
bands within the in-plane polarized region which appear nearly 
vertical in the image (i.e., along the <110>pc) indicative of a fine a1/a2/a1/a2 domain structure of 
Figure 7.2.  Vertical piezoresponse (a) amplitude and (b) phase. Lateral piezoresponse (c) amplitude and (d) phase of 
mixed-phase PbTiO3 heterostructures grown on SmScO3 (110).
a Vertical Amp.
500 nm
b Vertical Phase
500 nm
c Lateral Amp.
500 nm
d Lateral Phase
500 nm
123
in-plane oriented 90º domain walls. Upon finer inspection, it is apparent that the c/a/c/a regions 
intersect the a1/a2/a1/a2 at an angle of ~135º with what appears to be the same periodicity, an indi-
cation that these domains must form in order to minimize the electrostatic and elastic energy of 
these domain walls.
7.2.4 Band-Excitation Switching Spectroscopy of Mixed-Phase PbTiO3 Heterostructures
To explore the nanoscale susceptibility of this domain structure we have conducted detailed 
band-excitation piezoresponse force microscopy switching spectroscopy (as described in section 
2.4.2, piezoresponse switching images included in appendix G and movies are available onine). 
During these measurements, we notice that it was common to observe piezoelectric hysteresis 
loops with multiple steps in the switching process (as shown in Figure 7.3a). Such transitions are 
likely related to collective switching of small domain regions, at some critical bias, akin to Barkhau-
sen pulses observed when switching magnetic domains [431, 432].  
Since piezoelectric hysteresis loops of this form have multiple switching events these loops 
cannot be fit to the conventional model. To fit these hysteresis loops, SHO fits of the cantilever res-
onance and extraction of piezoelectric hysteresis loops (based on phase optimization) were com-
pleted as previously described (see section 2.4.3). To fit loops with multiple steps we derived a new 
set of model equations (7.1-7.8) capable of fitting piezoelectric loops with up to three transitions.
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where a1-6 represents the various plateaus in amplitude, a7 is the linear tilt, Al1-3 and AU1-3 represent 
the coercive fields, b1-12 determine the rate of transition, C1-6 define the bias of inflection between b 
parameters, D1-6 determines the rate of transition between b parameters, and Vbot/Vtop is the voltage 
of the top and bottom branches (Figure 7.3b). Fitting of the hysteresis loops to these equations was 
accomplished using a custom script written in MatlabTM. To begin, derivatives of the piezoresponse 
voltage curves (of the top and bot-
tom branches) were calculated from 
local linear fits of 3-7 data points 
with a sliding voltage window. The 
switching regions (i.e., those with 
large slopes) were found using a peak 
finding algorithm findpeaks in the 
MatlabTM base package. The three 
most prominent peaks were found 
and sorted in order of occurrence. 
The characteristics of the peaks and shape of the hysteresis loop were then used to establish the start 
points and upper and lower bounds of each of the fitting parameters. The equations were then fit to 
the data using a non-linear least squares fitting algorithm lsqcurvefit [433-435] set to search for 
global minimum using the multistart method available in the MatlabTM Optimization Toolbox [436, 
437]. In short, this technique generates a series of guesses near the start point, between the defined 
bounds, and compares the error of each of the guesses by minimizing the sum of the squares, opti-
mizing the guesses until finding a local minimum. Multistart complements lsqcurvefit by generat-
ing a random set of initial guesses which allows for the global minimum to be found. Since the 
quality of the fit in each of the sections is scaled by the number of points this fitting approach is 
exceedingly poor at fitting sharp features (as there is a lower data density); and therefore, to get the 
curves to fit well the fits were weighted by the normalized derivatives and optimized using an 
Figure 7.3.  (a) Example local piezoelectric hysteresis loop measured 
in mixed-phase PbTiO3 with multiple steps demonstrating the quality 
of the loop fit (green line). (b) Example hysteresis loop demonstrating 
how the variables in the objective function correlate to the loop shape in 
piezoelectric hysteresis loop with multiple switching events.
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optimization algorithm included in Matlab Optimization ToolboxTM enabling high quality fi ts to be 
obtained (Figure 7.3a, green curve).
 Unfortunately, due to the extremely fi ne domain size, fi nite tip radius, instrumental 
drift  and length of the switching studies (~6-8 hours per scan), we do not have the resolution nec-
essary to observe the spatial variances in the switching mechanisms related to the fi ne features of 
the domain structure (see a small subset of the spatial maps included in Appendix H).
7.2.5 Domain Structure of Mixed-Phase PbZr0.2Ti0.8O3 Heterostructures
To observe the fi ne features of the domain structure using BE-SS heterostructures with 
similar domain structures, yet larger scale is needed. As a rule of thumb, the domain size tends to 
increase with the thickness in accordance with Kittel’s law [438], and therefore, we chose to grow 
400 nm thick PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 (20 nm)/NdScO3 (110) heterostructures using PLD. 
Looking at the domain structure (topography Figure 7.4a, piezoresponse vertical amplitude and 
phase Figure 7.4b-c, and lateral amplitude and phase Figure 7.4d-e), we observe the same general 
domain features (as observed in the thinner PbTiO3  heterostructures) on a much large scale. Th ese 
images once again, reveal a hierarchical super-domain structure of c/a/c/a-like domains [which 
Figure 7.4.  (a) Topography, and Piezoresponse force microscopy vertical (b) amplitude and (c) phase, lateral (d) 
amplitude and (c) phase, and combined amplitude images of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures 
on NdScO3 (110) showing a super-domain structure of c/a/c/a-like and a1/a2/a1/a2-like super-domain regions. 
b Vertical Amp.
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a Height
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c Vertical Phase
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d Lateral Amp.
500 nm
e Lateral Phase
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appears bright (dark) in the vertical (lateral) amplitude images] and a1/a2/a1/a2-like domains [which 
appear dark (bright) in the vertical (lateral) amplitude images]. These thicker heterostructures 
however, have super-domains of width >500 nm and length on the order of microns, which contain 
a fine structure of nanodomains with domain width of ~10-20 nm. This is much larger than ob-
served in the thinner heterostructures which have a super-domain width of <50 nm, length <500 
nm, and nanodomain width of <5 nm. To visualize the intersection between the domain wall of the 
c/a/c/a-like and a1/a2/a1/a2-like super-domains we combined the vertical and lateral amplitude im-
ages by subtracting the regions of low response (i.e., the purple regions) from both images and su-
perimposing them on one another (Figure 7.4f). Using this approach, we see, once again, the do-
main walls from the c/a/c/a and a1/a2/a1/a2 super-domain regions have a high degree of coherency. 
Upon closer inspection, it is noticeable the nearly every boundary from the a1/a2/a1/a2 super-do-
main regions intersects the neighboring c/a/c/a super-domain at a c/a domain wall, while there are 
some additional c/a domain walls which do not have a corresponding a1/a2 domain wall. Finally, in 
a select few regions, such as in the top right hand corner there is some evidence regions with a 
dense herringbone-like c/a/c/a domain structure. Poling studies of these heterostructures (not in-
cluded in this discussion) have found that after sequential poling the structure stabilizes into a 
herringbone structure very much similar to what is observed in this region; indicating that the 
mixed-phase super-domain structure might be a metastable structure. All told, these heterostruc-
tures appear identical in form to the thinner PbTiO3 heterostructures with the exception of scale. 
While this should have significant implication for the macroscopic responses and properties, when 
studying the nanoscale switching mechanism the larger scale of the domain structure is necessary 
to observe the details of the switching process.
7.2.6 Crystal Structure of Mixed-Phase PbZr0.2Ti0.8O3 Heterostructures
Before studying the nanoscale switching of these heterostructures detailed symmetric re-
ciprocal space maps were conducted about the 220- and 002-diffraction conditions of the substrate 
and film, respectively (Figure 7.5). From these studies we observe two sets of peaks. The first set of 
three peaks has out-of-plane lattice parameters nearly identical to what is expected for bulk 
PbZr0.2Ti0.8O3. Of these three peaks, the central peak is nearly aligned with the out-of-plane axis of 
the substrate (PZTc 002) while the other two reflections (PZTc-tilt 002) are indicative of a tetragonal 
phase which is monoclinically distorted by ~0.6º along the <100> relative to the [001] substrate 
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Figure 7.5.  Symmetric reciprocal 
space map of 400 nm thick mixed-phase 
PbZr0.2Ti0.8O3 heterostructures on NdScO3 
(110) obtained about the 220 diff raction con-
dition of the substrate. Strain and relaxed 
peak positions of the fi lm are indicated.
qx (Å)
-0.04
0.48
0.49
0.50
0.51
0.52
-0.02 0 0.02 0.04
q y
 (Å
)
PZTc
002
PZTc-tilt
002
PZTc-tilt
002
PZTa-tilt
200
PZTa-tilt
200
NdScO3
220
PZTa
200
Strained
Relaxed
normal. Th e second set of 3 peaks, is observed with out-of-
plane lattice parameters of ~3.96 Å, nearly halfway in-be-
tween the expected lattice parameter for the strained and re-
laxed a domain peak position. Once again, of these three 
peaks, there is a central peak which is nearly aligned with 
the substrate normal (PZTa 200), surrounded by two addi-
tional peaks (PZTa-tilt 200) representing a domains which 
are tilted by ~1º along the <100> relative to the [001] sub-
strate normal. Comparing these results to the topographic 
images, it is likely that these tilted a domains are from within 
the c/a/c/a super-domains as they have a saw-tooth-like to-
pography with clear crystallographic tilts. Whereas, the untilted a domains are likely located within the 
a1/a2/a1/a2 super-domains where crystallographic tilts are not geometrically required, as seen by the 
relatively fl at topography within these regions.
7.2.7 Band-Excitation Switching Spectroscopy of Mixed-Phase PbZr0.2Ti0.8O3 Heterostructures
Using this understanding of the crystal and domain structure we set out to study the na-
noscale switching mechanisms using BE-SS as previously described (see section 2.4.2). Prior to 
switching the heterostructures topographic and vertical piezoresponse images and were obtained 
(Figure 7.6a-c). To aid in the explanation of the switching spectroscopy we provide an example 
ferroelectric hysteresis loop to highlight the various points in the switching process being imaged 
(Figure 7.6d). A selection of amplitude (indicating the vertical piezoresponse at remanence) and 
phase (generally indicative of the out-of-plane polarization direction) maps of the local piezore-
sponse at various voltages throughout the switching cycle are provided (Figure 7.6e-i, additional 
images are provided in appendix I, in a fl ip book starting from appendix A, and movies compiled 
from the complete set of measurements are available online). Starting with the entire region up-
poled, as indicated by a uniform red phase image (Figure 7.6e), the amplitude is, as expected, larg-
er in the c/a/c/a-like super-domain regions (where a large proportion of the polarization direction 
is parallel to the measurement direction) compared to the a1/a2/a1/a2-like super-domains (where 
the polarization and measurement direction are perpendicular). Application of positive bias results 
in switching (Figure 7.6f phase/amplitude) which appears to initiate (at least from the phase image) 
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Figure 7.6.  (a) Topography, and vertical piezoresponse force microscopy (a) amplitude and (b) phase images of 400 
nm thick mixed-phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 (15 nm)/NdScO3 (110) heterostructures prior to BE-SS measure-
ments. (d) Typical macroscopic ferroelectric hysteresis loop used for reference only. (e-i) Corresponding band-exci-
tation switching spectroscopy amplitude (left/top) and phase (right/bottom) images of the same 400 nm thick mixed-
phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 (15 nm)/NdScO3 (110) heterostructures measured at various stages of ferroelectric 
switching (as labeled). (j) Topography, and vertical piezoresponse force microscopy (k) amplitude and (l) phase images 
of 400 nm thick mixed-phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 (15 nm)/NdScO3 (110) heterostructures following BE-SS 
measurements. All scale bars are 500 nm.
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from within the a1/a2/a1/a2-like super-domains; however, one must be careful when trying to inter-
pret phase images during switching. The phase response which is actually being imaged is a convo-
lution of a number effects including: piezoresponse, electrostatic forces, lateral cross-talk into the 
vertical response, etc., and, in turn, phase contrast can sometimes be misleading. If we focus instead 
on the amplitude images, we see that the piezoresponse is locally enhanced at the super-domain 
boundaries, indicating, instead, that nucleation of downward poled domains likely occurs at these 
super-domain boundaries. As the positive bias increases, the film switches to saturation, poling the 
heterostructure down, as indicated by the uniformly blue phase image (Figure 7.6g). In this down-
poled state the amplitude response looks nearly identical to the initial, up-poled state. As the ap-
plied bias switches from positive to negative we notice that switching once again appears to start 
within the a1/a2/a1/a2 super-domains (as indicated by the red regions in the phase image). Unlike 
under positive bias however, the vertical amplitude starts to increase first within the a1/a2/a1/a2 
129
super-domains (as shown in appendix I, filp book starting in appendix A and movie available on-
line), before finally giving way to switching which nucleates at the super-domain boundaries. As 
the applied bias is increased further (in the negative direction) the heterostructure switches to sat-
uration (poling the heterostructure up), back to the initial state (as indicated by the uniformly red 
phase image). In this negative-bias state the heterostructure has nearly identical response as ob-
served in the positive-bias state. Response and switching of the same general form is observed 
through multiple switching cycles. Following switching topographic and piezoresponse force mi-
croscopy images reveal significant changes in the domain structure. First, in the top left-hand cor-
ner of the image there is the emergence of a c/a/c/a-like region within what used to be a purely a1/
a2/a1/a2 super-domain region. This observation indicates that the application of an applied electric 
field, can at times, result in conversion of an a1/a2/a1/a2 super-domain to a c/a/c/a-like super-do-
main. Additionally, in the bottom right hand corner of the region we observe the re-orientation and 
expansion of what used to be a c/a/c/a region with a single primary orientation to a herringbone-like 
c/a/c/a domain region.
While we are still working on developing a comprehensive picture of the switching mech-
anisms in these heterostructures there are many useful conclusions which can be made. First, we 
clearly show that the switching nucleates at the super-domain boundaries. While it is well estab-
lished that nucleation tends to preferentially occur near ferroelastic domain boundaries, the ob-
servation that nucleation occurs preferentially at the super-domain boundaries compared to at the 
nanodomain (within the super-domains) implies that these super-domain boundaries are more 
effective in acting as nucleation centers than traditional ferroelastic domains. In turn, designing 
heterostructures with super-domain structures could provide a route to significantly reduce coer-
civity. Additionally, the asymmetry in the switching observed in the a1/a2/a1/a2 super-domains (as 
indicated by the increased amplitude within this region when switching to the up-poled state com-
pared to the down-poled state) might be an indication of possible strain gradients which may arise 
as a result of the dense ferroelastic domain structure. Finally, the observation of the emergence of 
a c -like domain within an a1/a2/a1/a2 super-domain and expansion of the herringbone-like region 
demonstrates the possibility of long range collective reorientation of the ferroelastic domain struc-
ture by the application of externally applied electric fields.
Once again, because at each pixel in the switching spectroscopy image there exists a full 
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piezoelectric hysteresis loop, it is possible to visualize the loops from within each of these super-do
main regions. We show representative piezoelectric hysteresis loops from within a c/a/c/a and 
a1/a2/a1/a2 super-domain regions (Figure 7.7). Starting with the piezoelectric hysteresis loop from 
within the c/a/c/a super-domain region, we observe nearly 
square loops that saturate well. Moving on to the loops from 
within the a1/a2/a1/a2 super-domain regions, we observe 
highly-tilted piezoelectric hysteresis loop with significantly 
reduced piezoresponse. By calculating the loop centroid 
(cross hatched circle) it is found that the loops in this region 
are positively shifted along the voltage axis. Finally, looking 
at the fine structure of these piezoelectric hysteresis there 
are noticeable jumps in the piezoelectric response, which 
appear to be of the general form as those observed in the 
thinner PbTiO3 heterostructures with the exception that 
these features are more gradual and less frequent. 
The observed variance in the loop shape within these regions can be explained as follows. 
Starting with the loops in the c/a/c/a super-domain regions, we observe that the loops switch in 
a single step, nearly identical to what is observed in c domains of conventional heterostructures 
with c/a/c/a domain structures. This indicates that the response in these regions is dominated by 
the response of the c domains. The piezoresponse loops within the a1/a2/a1/a2 region, on the other 
hand, has a more complex response. Starting with the general loop shape features, it is observed, 
that there is a slightly reduced out-of-plane piezoresponse within the a1/a2/a1/a2 super-domains, an 
expected result considering that the polarization is oriented primarily perpendicular to the mea-
surement direction (in comparison to the c/a/c/a super-domain regions where the polarization 
and measurement direction are nearly parallel to one another). Now looking at the slant of the 
loop, it is found that the a1/a2/a1/a2 super-domains have a much large loop slant (than the c/a/c/a 
super-domain regions). To explain this observation one must first consider origins of the slant-
ed piezoelectric hysteresis loops. Conventionally, ferroelectric switching is a nucleation limited 
process, where once a domain is nucleated switching happens rapidly to completion, resulting in 
square piezoelectric loops. If, for instance, the growth of ferroelectric domains during switching is 
Figure 7.7.  Representative piezoelectric 
hysteresis loops taken from within the c/a/c/a 
(blue curve) and a1/a2/a1/a2 (red curve) su-
per-domain regions of a 400 nm thick mixed-
phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 (15 nm)/
NdScO3 (110) heterostructure.
Voltage (V)
c/a/c/a
a1/a2/a1/a2
-10 -5-15 5 10 150
Pi
ez
or
es
po
ns
e 
(A
. U
.)
131
impeded, one would expect that the loops would appear more slanted. Considering the very high 
density of in-plane oriented ferroelastic a1/a2/a1/a2 domains within the a1/a2/a1/a2 super-domain 
regions it is likely that switching and growth of a domain (in the out-of-plane direction) requires 
a collective reordering of the ferroelastic domain structure, in order to reduce to the electrical and 
elastic strain energy.  Therefore, the collective nature of the switching process would likely impede 
the growth of a ferroelectric domain during switching. This hypothesis is corroborated by the ob-
servation of positive shifted piezoelectric hysteresis loops which could be related to elastic restoring 
forces that arise during switching away from the as grown or current equilibrium domain structure 
(similar to what is observed in the compositionally-graded heterostructures). Finally, throughout 
the switching process there are many jumps in the piezoelectric loop. These jumps are likely the 
manifestation of these large scale collective ferroelastic switching events which results in the reori-
entation of the ferroelastic domain structure (i.e. the nucleation of a new c/a/c/a or expansion of 
the herringbone-like c/a/c/a domain structure).
To explore the variance in loop shape features on a more statistically relevant scale the fer-
roelectric hysteresis loops were fit with using the standard loop fitting model (see section 2.4.3 for 
details). While this model does not take into account the multiple transition observed in the 
a1/a2/a1/a2 super-domains it is effective at modeling the general loop shape features (we are current-
ly in the process of optimizing the fitting software and analysis methodology to account for these 
piezoelectric hysteresis loops with multiple transitions). Here, we show a small subset of the loop 
shape parameters obtain from fitting the piezoelectric hysteresis loops (Figure 7.8a-d, additional 
loop shape parameters are included in the appendix J). Starting with the voltage centroid of the 
fitted loop (Figure 7.8a), as observed from the single loop data there is a clear shift of the loop (in 
the positive bias direction) within the a1/a2/a1/a2 super-domain regions (compared to the c/a/c/a 
super-domain regions). As previously stated, this might be an indication of the presence of electric 
or elastic restoring forces that result during ferroelectric switching from the as grown (or poled) 
structure/state. Now, focusing on the work of switching (or loop area, Figure 7.8b), we observe an 
increase in the work of switching (loop area) in the primarily out-of-plane polarized c/a/c/a su-
per-domains (compared to the a1/a2/a1/a2 super-domains), an expected result considering the ori-
entation of the polarization and measurement direction. In addition, using the fitted loops and 
comparing it to the raw piezoresponse loop it is possible to create spatial maps of the difference in 
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Figure 7.8.  Maps of (a) voltage centroid, (b) work of switching, (c) 
area diff erential, and (d) loop twist extracted from loop fi tting of piezo-
response loops obtained from band-excitation switching spectroscopy 
measurements on 400 nm thick mixed-phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3 
(15 nm)/NdScO3 (110) heterostructures.
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area (or fi t error). Th e results of this 
calculation provide insight into how 
well the model represents the raw 
data. Looking at this image (Figure 
7.8c) the fi ts are found to be particu-
lar poor (red in color) within the a1/
a2/a1/a2 regions. Th is observation 
makes sense considering that the 
loops within these regions show 
multiple transitions which are not 
accounted for in the fi tting model. 
Finally, we show maps of the degree 
of twist in the piezoelectric hystere-
sis loop (Figure 7.8d). While the 
concept of what is actually being rep-
resented in this parameter is a little 
bit obtuse; in general, larger loop twists are observed when there is a change in the electrical-me-
chanical coupling of the total mechanical system (composed of the cantilever and ferroelectric) 
during the switching (such as would be the case when switching a near a ferroelastic domain wall, 
see loop twist parameter of conventional PbZr0.2Ti0.8O3 heterostructures on GdScO3 for comparison 
appendix F). Under these assumptions we observed, as expected, enhanced loop twist within the 
a1/a2/a1/a2 super-domains and near the c/a boundaries in the c/a/c/a super-domains indicating that 
switching in these regions has more ferroelastic character. 
While these results reveal many interesting preliminary fi ndings it also exposes the short-
comings of the current techniques and methodologies used to visualize and interpret multi-dimen-
sional piezoresponse force microscopy data. It is fairly easy to visualize the data on 2-dimensions 
(i.e. piezoresponse-voltage, etc.), or even 3-dimensions (i.e. piezoresponse-spatial (x,y), etc.); how-
ever, it is exceedingly diffi  cult to visualize the data in a higher dimensional space. Th ese higher 
dimensional spaces however, might hold the clues needs to describe and understand the underlying 
mechanisms of response and physics of the system. At times, even visualizing 3-dimensional data 
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can be challenging as finding the appropriate scales to make the response modes of interest (which 
might be unknown) visible to the naked eye is not known a priori. To try and reduce the dimen-
sionality of the data it is possible to fit the data to a model and extract parameters which represent 
the data features; however, this approach is only as good as the fitting model. In turn, utilizing this 
method of dimensionally reduction requires that the all features of significance are known a priori 
and can be incorporated into the fitting model, limiting its suitability in observing new nanoscale 
phenomena which might be buried deep within in these “big data” sets. Given the ever growing 
size and dimensionality of these datasets it is important that we devise new autonomous approach-
es to analyze and visualize the materials responses collected from these sorts of multidimensional 
measurements. 
7.3 Suggestions for Future Work   
7.3.1  Advances in “Big Data” Analytics to Uncover New Physics Across Multiple Dimensions
Traditionally, when collecting experimental data, experimental computational limitations 
set a manageable threshold on the acquired data size (typically on the order of thousand to millions 
data points). In turn, these data sets are relatively easily screened and visualized using brute force 
graphing and analysis techniques. More recently, the increased accessibility of high bandwidth 
electronics, increased computing power, and desire to understand coupled and correlated materials 
responses has caused the common measurement to balloon in size. For instance, band-excitation 
piezoresponse switching spectroscopy measurements (as conducted in this work) can easily con-
tain an excess of 1 billion data points over an 8-diminsional data space (frequency, amplitude, loss, 
phase, x, y, voltage, time, etc.), and the size and dimensionality of these data sets is growing at an 
ever expanding rate. Trying to analyze such a large data set manually presents an insurmountable 
and unrealistic challenge and therefore, to handle this data some sort of dimensionality reduction 
is necessary. Using a basic knowledge of the systems, human guided approaches based on confining 
the data space or fitting, make it possible to skim the surface of these “big data” sets; however, such 
an approach requires that you know a priori the data dimension which the features of interest lies. 
Even if human driven dimensionality reduction can produce useful insight it is still only analyzing 
the data at the most cursory level.
To surmount this computational barrier approaches of “big data analytics” [439, 440] such 
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as unsupervised learning, dimensionality reduction, and clustering, widely used in everyday life, 
need to be adapted and adopted by the scientific research community [441]. To make strides to-
wards this goal there are many challenges which need to be overcome. Both the experimental sci-
entist and data analytics communities have reached a high degree of sophistication, to the point 
where the overlap, and even the language and terminology shared between these communities is 
small. To bridge this gap an increased dialog and cross-disciplinary approach is needed. Recently, 
the importance of this cross-disciplinary approach has been realized, and publications have start-
ed to trickle in [442-448]. These “big data” analytic tools are on the brink of revolutionizing how 
we analyze data, what is needed is time, familiarity and acceptance amongst the broader scientific 
community to understand the importance of these tools to turn the “big data” collected, into “deep 
data” which can synergistically combine physical knowledge of the system with data analytics to 
uncover new physics.   
7.3.2 Control of Ferroelectric Domain Structure and Response Using Compositionally-Graded 
Heterostructures
Much of the work in this thesis has focused on the effect of compositional and strain gra-
dients in controlling the crystal and domain structure, and ultimately the responses (electrical, 
ferroelectric, dielectric, etc.) of compositionally-graded heterostructures [172, 173, 195, 449]. This 
work however, has just scratched the surface of what is possible. Throughout this work we have 
limited our scope to some of the simplest heterostructure designs possible in order to simplify 
the analysis and interpretation of what is an inherently complex system. While many significant 
discoveries and insights were made, there is much more that can be done. The concept of compo-
sitionally-grading heterostructures can be expanded to other ferroelectric systems or even trinary 
compositional gradients where the magnitude of the maximum strain and strain gradients can be 
increased. Additional, more complex compositional gradient forms can be designed such that the 
strain and chemical gradients are not continuous in magnitude or direction, enabling the design 
of novel combinations of electrical, ferroelectric, mechanical and potentially thermal responses. 
At the nanoscale level, in this work we have shown that the presence of compositional and strain 
gradients can direct the shape the structure and response of ferroelastic domains [449]. This is 
particularly interesting as it provides new routes to finely control the shape of ferroelastic domains 
through control of the form and magnitude of the compositional and strain gradients. This unique 
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capability is in need of exploration; but, holds the potential to enable an unprecedented level of 
control in designing new modalities of electromechanical responses at ferroelastic domain walls 
important for the burgeoning field of domain wall nanoelectronics.
7.3.3 Design and Fabrication of Free-Standing Epitaxial Heterostructures
Conventionally, when one thinks of a ferroelectric thin film one automatically assumes that 
the substrates is semi-infinite and perfectly rigid; however, if one were able to fabricate heterostruc-
tures where the substrate and film were of comparable thickness the properties of the heterostruc-
ture would depend on the elastic properties of both layers in a more nuanced way [450, 451]. This 
method to control of the mechanical boundary conditions of heterostructures would enable the 
precise control of the strain state, crystal and domain structure, and ultimately the properties of 
the active layer in ways not currently possible. To date however, there are many practical challenges 
that need to be addressed before such structures can be fabricated. The main challenge is finding 
the correct sacrificial layer, and/or etching protocol necessary to fabricate these epitaxially-strained 
free standing heterostructures. Once these practical challenges are solved these free standing het-
erostructures will not only enable new modalities of strain engineering but also will facilitate the 
exploration of new physics. For instance, if free standing cantilever structures can be fabricated, 
controlled bending experiments can be designed to explore flexoelectric effects and extract flex-
oelectric coefficients with unprecedented accuracy.  From a device perspective the ability to fabri-
cate free standing heterostructures will enable the use of epitaxial strain to optimize materials to 
increase performance and sensitivity for potential applications in vibrational and thermal energy 
harvesting, and thermal/mechanical sensing.
7.3.4 Epitaxial Strain Engineering of Ferroelectrics on Virtual Substrates
Throughout this work, one of the primary limitations in our ability to strain materials us-
ing thin-film epitaxy has been availability of substrates with suitable lattice parameters capable of 
imposing the desired degree of strain. Even if a substrate with the desired lattice parameter is sold 
commercially, there are typically only a few good suppliers with very limited supplies. To make 
matters worse some of the perovskite materials with larger lattice parameters [i.e. PrScO3 (110, 
apc=4.0138), CeScO3 (110, apc=4.0235), LaScO3 (110, apc=4.0473)], which are particularly interest-
ing due to their small lattice mismatch with the Zr-rich compositions of PbZr1-xTixO3, are either 
available in extremely limited supply, or cannot be grown using the Czochralski growth method 
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(or other common single-crystal growth methods) due to their high melting temperatures [452]. 
Despite the limited availability of single crystals of these materials pressed ceramic targets of these 
materials are readily available. To circumvent these limitations it is possible to use pulsed-laser 
deposition (or other thin-film epitaxy techniques) to grow thick epitaxial layers of these materi-
als (on more commonly available perovskite substrates), such that they act as virtual substrates 
which can impose strain on subsequent layers of much lower thickness. The concept of growing a 
material as a virtual substrate is not a new concept and has been widely adopted in the semicon-
ductor industry [453-456]; yet, has barely been explored in perovskite thin films. The use of virtual 
substrates also creates new possibilities as it would be possible to create solid solutions of similar 
perovskites materials enabling the continuous tuning of substrate lattice parameter. Ultimately, the 
development and implementation of virtual substrates in epitaxial strain engineering provides the 
potential to dramatically expand the accessibility and possibilities of epitaxial strain engineering 
important for the study of wide variety of materials systems.  
7.3.5 Effects of Growth Kinetics and Chemistry on the Structure and Properties of PbZr1-xTixO3 
Thin Films
Traditionally, when growing materials using pulsed laser deposition stoichiometric transfer 
from the target to the substrate is assumed a piori [78, 457]. Recently, this classical assumption has 
received significant scrutiny as it has been found that both the angle between the target normal and 
the substrate [458, 459], and the laser fluence [460-462] can have a significant influence on the stoi-
chiometry, structure [150, 463], dielectric response [458, 464-466], and thermal condutivity [458, 
467]  in a variety of material systems; however, to data no such systematic study in the PbZr1-xTixO3 
system has been undertaken. Moreover, it has very recently been shown that the amalgamation 
of strain and defect chemical defects can give rise to defect dipole alignment changing the nature 
of how strain in accommodated in thin films [150]. Throughout our study of the PbZr1-xTixO3 we 
have noticed that through control of laser fluence, growth rate, and temperature the crystal and do-
main structures between heterostructure can vary wildly, despite them being considered identical 
based on the conventional nomenclature of the community. Furthermore, preliminary studies have 
revealed that by altering the growth conditions it is possible to generate chemical gradient in Pb 
and B-site astoichiometry. The ability to control defects during growth is particularly interesting 
as it provides new routes to controllably generate strain gradients. Additionally, these preliminary 
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studies (within our group) have uncovered that the electrical properties of these heterostructure 
vary in a non-intuitive fashion where the crystallographic quality of the heterostructure and films 
resistivity are inversely correlated. Figuring out the ultimate dependence of growth conditions, 
defect chemistry, structure, and electrical conductivity in this class of materials is of paramount 
importance to paint a more accurate picture of the response and physics of these complex material 
systems. This new knowledge will facilitate the design of heterostructures with improved electrical 
responses capable of being integrated into- and improving performance of- functional devices.
7.3.6 Exploration of Pyroelectric and Electrocaloric Responses of Ferroelectric Heterostructures
Measurement of pyroelectric and electrocaloric effects are relatively straightforward in bulk 
samples; however, are significantly more challenging in thin films as a result of the reduced sample 
dimensions, sample resistance, and magnitude of response. Traditionally pyroelectric response in 
ferroelectric thin films has been determined by measuring the change in remnant polarization as 
a function of temperature [59, 311, 322, 323] or using the so-called Byer-Roundy method which 
measures pyroelectric response during a series of linear temperature cycles [314]; however, neither 
of these methods are accurate when applied to ferroelectric thin films [327]. Recently, a more accu-
rate phase-sensitive approach to pyroelectric measurements – which can separate the pyroelectric 
and thermally stimulated current, developed by Garn and Sharp [319, 320], has been implemented 
in ferroelectric thin films [326, 327, 374], as well as in this work. This technique, however, is far 
from perfect, suffering from exceedingly small pyroelectric currents (on the order of pico- to nano- 
amps) which typically fall below the noise floor when trying to measure at elevated temperatures.
Standard practices for measuring electrocaloric effects in literature are even less developed. 
Primarily electrocaloric has been determined using an indirect method relying on the assumption 
that the π has been accurately measured and that the Maxwell relation ( ) ( )E TP T S E∂ ∂ = ∂ ∂  holds 
true, both of which are of suspect [57, 59, 311, 322]. This assumption is particularly problematic in 
thin films where elastocaloric effects can be large [324]. There have been some attempts in litera-
ture to directly measure electrocaloric effects in ferroelectric thin films, but these techniques have 
been primitive, consisting mainly of attaching a thermometer to the surface of a film [58, 323]. An 
alternative approach, using differential scanning calorimeters has been employed to directly mea-
sure electrocaloric response but has been limited to systems with large thermal mass (thick films or 
multilayer stacks), precluding the study of strained epitaxial thin films [60, 468].
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Throughout the time of this work, new approaches to measure pyroelectric and electroca-
loric temperature changes over a wide range of frequencies and temperatures have been developed, 
including techniques based on 2ω method (pyroelectric) and laser intensity modulated methods 
(pyroelectric and electrocaloric) [324, 326, 327]. While these methods have been demonstrated, 
only a very select few prototypical ferroelectric thin films have been studied using these approaches. 
In turn, a world of new materials systems and physics is awaiting exploration with these techniques. 
Undoubtedly, as with all other ferroelectric susceptibilities the nanoscale nature of the py-
roelectric and electrocaloric response will be of significant interest and importance. Utilizing some 
of the developments in new modes of scanning probe microscopy, particularly those which focus 
on rapidly measuring the fully cantilever dynamics [448], it is important to start considering how 
it might be possible to adapt these techniques to locally measure electrocaloric or pyroelectric re-
sponse. For instance, by measuring calibrating the thermal response of the cantilever, and with the 
capability of measuring the full cantilever dynamics (using a combination of laser interferometry 
and scanning laser spot position) it might be possible to observe local electrocaloric responses as 
an electric field is applied to a sample using a conductive tip. While development of this technique 
requires significant technological developments its future importance merits some consideration.   
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AppENDIX A 
hISTORY, MEChANISMS, AND GROWTh 
MODES OF pULSED-LASER DEpOSITION
Historically, the concept of PLD began in the mid-1960’s with the development of high 
powered lasers [469]. Soon after it was observed that these high powered lasers can ablate ma-
terials, and this was rapidly recognized as a promising route to grow thin films [470]. Since this 
discover there have been many developments in the laser technology including shorter pulse dura-
tions, lower wavelengths, and higher power [471, 472] which have enabled thin films to be grown 
with quality close to films grown by MBE [473, 474]. Within the past two decades the confluence 
of these early developments and experiences growing a wide variety of materials systems with PLD 
have led to it becoming a work-horse in thin-film epitaxy community. This widespread utilization 
of PLD is owed primarily to the relative simplicity of the techniques and ability to take a material 
system from conception to synthesis rapidly with minimal capital investment.  This ability to some-
what haphazardly grow new materials is primarily the result of the preconceived notion that PLD 
results in near stoichiometric transfer from target-to-film. This concept arises primarily because 
PLD is a highly non-equilibrium growth process where only the interaction of the laser with the 
target materials is assumed to matter. 
In actuality, there are many interactions beyond the laser target interaction which are im-
portant, including interactions between: the laser and plasma plume, ions within the plasma, and 
the plasma plume with the ambient scattering gas.  In general, as the laser pulse reaches the target 
surface there are three types of absorption processes which can occur. 1) lattice absorption in the 
material volume, 2) free carrier absorption at the material surface, and 3) plume absorption [475].
The relative importance of each of these interactions depends on the materials properties of the 
ablated material. For instance, metallic materials primarily undergo free carrier absorption where-
as, at the other extreme, dielectric materials are dominated by lattice absorption. Once absorption 
has occurred a molten layer, the so-called Knudsen layer forms [475].This melted region or front 
begins to propagate through the target as the material starts to vaporize from the melt. As more en-
ergy from the pulse is absorbed a plasma is formed, creating a plume which expands rapidly away 
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from the target. 
Once the plume is created, material transfer happens via a number of different methods in-
cluding thermal, electronic, and macroscopic sputtering, of which the relative importance of each 
is growth condition and material dependent. Starting with the thermal sputtering process, which 
is likely the most intuitive to understand, the laser interaction with the target heats the target well 
above its boiling point resulting in the transfer of gaseous species. These thermal transfer processes 
are particularly prominent in materials with low boiling points, low thermal conductivity, low laser 
reflectivity, and high laser absorption. Electronic sputtering processes occur when the interaction 
of the target and laser pulse result in the electronic excitation and/or ionization of atoms. This 
process gives rise to a highly energetic repulsive plasma that rapidly expands away from the tar-
get. Electronic sputtering results in extremely high adatom velocities and temperatures (as high as 
40,000 K, based on κbT) [476]. Finally, it is possible to have macroscopic particulate ejection from 
the surface as a result of thermal shock waves which break the surface tension of the Knudsen layer. 
This process results in the expulsion of liquid droplets and other large volumes of material from the 
target. Typically, it is advisable to avoid this growth mechanism when trying to obtain films with 
good topography and crystal quality.
As the plume expands from the target it interacts with the ambient gas, scattering the ada-
tom species [477]. The background pressure plays a significant role in defining the shape and dis-
persion of the plume. Generally, increased background pressures results in the focusing of the 
plume shape, a reduction in the front velocity, and can dramatically alter the growth rate. In addi-
tion, it is common, specifically in the oxide community to grow films in a reactive environment, 
such as O2, S2, etc., resulting in the formation of molecules within the plasma which can alter the 
plume dynamics. While observing the fine-details of the plume dynamics, and using it as feedback 
to optimize growth is not realistic, an understand of the mechanisms involved in the deposition 
process is useful. When optimizing growth of a material there are many knobs to turn (tempera-
ture, fluence, laser spot size, pressure, etc.) and even small changes to any of these parameters can 
result in significant and visible changes to the plume shape, and ultimately the film structure. The 
understanding of the plume dynamics provides insights into which knobs to turn and in what 
direction. In the end, using standard deposition conditions it is possible to deposit adatom with 
energies ranging from 1-100 eV with widely variable deposition rates. 
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Once these ablated adatoms adsorb onto the surface they diffuse around on the surface un-
til nucleating a new cluster, joining a pre-existing nuclei, or desorbing from the surface. Growth of 
thin films tends to occur via three major growth modes: 1) Volmer-Weber or island growth [478], 
2) Frank-Van der Merwe or layer-by-layer growth [479], and 3) Stranski-Krastanov growth [480]. 
Volmer-Weber island growth occurs when many stable clusters nucleate on the surface of the film 
and the subsequently deposited material has a strong preference to bond to the preexisting nuclei 
compared to the substrate surface, making well defined islands. This is most common when de-
positing dissimilar materials or onto a substrate with a high surface energy. Frank-Van der Merwe 
layer-by-layer growth has the opposite premise. In layer-by-layer growth the deposited material 
prefers to bond to the substrate and/or a preexisting step edge than to bond on top of a previously 
formed layer, tending to form 2d planar layers. The final growth mechanism Stranski-Krastanov 
growth represents a combination of these two mechanism where initially the adsorbed adatoms 
prefer to grow layer-by-layer. After a few layers however, the preference for layered growth no lon-
ger exist, giving way to three dimensional island growth.
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AppENDIX B 
MEASUREMENT AND QUANTIFICATION 
OF LASER FLUENCE
To calculate the laser fluence requires that both the laser spot size and laser energy are 
known. To measure this, the laser energy and optics were set to the typical growth conditions and 
the laser energy was measured from within the chamber. To measure the laser spot area, a single 
shot of the laser was fired onto a TiO2 target, leaving a mark on the target. An image of the laser spot 
was then acquired by taking a high resolution scan of the target (dpi>600). From these ablation 
Figure B.1.  Image showing typical output results of custom designed MatlabTM script used to quantify the laser spot 
area and fluence.
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spots it is evident that the laser spot is non-uniform in nature. Since the exact spatial dependence 
of the laser spot energy is unknown averaging methodologies must be used to approximate the la-
ser fluence. To do this, a custom MatlabTM script was written. This script imports a scanned image 
of the TiO2 target, and requests that the user provide the image dpi and laser energy. After a region 
of interest is selected the script converts the image into a gray-scale image and displays images of 
the laser spot (in a green-red color scale) excluding those points below a threshold gray value. The 
number of pixels above the gray threshold are counted, converted to their real-space dimensions, 
and used as the area to calculate the laser fluence. A representative example of the results from this 
script is provided (Figure B.1). For all fluence calculations in this thesis a cutoff threshold of the 
darkest 10% of the pixels (in the image) was used to approximate the ablated area. MatlabTM scripts 
used to complete this calculation are provided online.
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AppENDIX C 
ADDITIONAL STUDIES OF pbZr0.2Ti0.8O3 
hETEROSTRUCTURES
C.1  Additional X-ray Diffraction Studies
Figure C.1.  (a) Full range and (b) high resolution 
x-ray diffraction 2θ-ω scans about the (00l)-diffraction 
conditions of PbZr0.2Ti0.8O3.
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a b  Detailed XRD 2θ-ω scans of the PbZr0.2Ti0.8O3 
heterostructures on various substrates reveal that all 
heterostructures are single phase (00l)-oriented 
(Figure C.1a). High-resolution scans about the 
002-diffraction condition reveal that the out-of-
plane lattice parameter of the film increases with in-
creasing compressive strain, and decreases with in-
creasing tensile strain (Figure C.1b). To observe if any in-plane oriented a domains were present, 
we conducted XRD RSM which measures a series of 2θ-ω scans, at various ω values, about the 
002-diffraction condition of PbZr1-xTixO3 (Figure C.2a-d). These reciprocal space maps show no 
evidence of a domains in the compressively strained heterostructure on SrTiO3 (Figure C.2a) or in 
the nearly lattice matched heterostructures on DyScO3 (Figure C.2b). On the substrates with in-
creasing tensile strain, TbScO3 (Figure C.2c) and GdScO3 (Figure C.2d) however, an increasing 
fraction of a domains is observed. 
To further characterize the strain state detailed asymmetric RSM about the 103-diffraction 
condition for the PbZr0.2Ti0.8O3 were measured (Figure C.3a-d). Initially, we notice that regardless 
Figure C.2.  Symmetric reciprocal space maps about the 002-diffraction condition for PbZr0.2Ti0.8O3 for films grown 
on substrates with increasing tensile strain (a) SrTiO3 (001) (b) DyScO3 (110), (c) TbScO3 (110) and (d) GdScO3 (110).
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Figure C.3.  Asymmetric reciprocal space maps about the 103-diffraction condition for PbZr0.2Ti0.8O3 for films grown 
on substrates with increasing tensile strain (a) SrTiO3 (001) (b) DyScO3 (110), (c) TbScO3 (110) and (d) GdScO3 (110).
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of substrate all SrRuO3 bottom electrodes have the same in-plane lattice parameter as the substrate 
meaning they are coherently strained to the substrate. Now focusing on the PbZr0.2Ti0.8O3 layer, and 
starting with the film grown on SrTiO3 (Figure C.3a), which imposes a compressive misfit strain of 
-0.8%, we notice that the PbZr0.2Ti0.8O3 film is nearly fully relaxed, deviating significantly from the 
qx value of the substrate; and aligning almost perfectly with the bulk lattice parameter. Moving on 
to the films on the scandate substrates (Figure C.3b-d) which imposes a tensile misfit strains rang-
ing from 0.3-0.9% we observe that all heterostructures are coherently strained (having in-plane lat-
tice parameters identical to the substrate which they are grown on). This tensile strain causes a re-
duction in the out-of-plane lattice parameter which matches well with the calculated out-of-plane 
strained lattice parameter (as indicated by the white-filled diamond). This difference in the ability 
to maintain strain under tensile verses compressive strains is likely caused by the ability to form 
ferroelastic domain under tensile strain which can accommodate strain without relaxing the film.
C.2 Leakage Measurements of pbZr0.2Ti0.8O 3 thin films.
The electrical properties of PbZr0.2Ti0.8O3 heterostructures on various substrates were mea-
sured by fabricating parallel plate capacitors using the MgO hard mask process (as described in 
section 2.2.1). Initial leakage characterization of the capacitor structures for all heterostructures 
studied was completed by applying bias to the top circular electrode and measuring the leakage 
current through the grounded bottom electrode (Figure C.4). For all measurements a dwell time 
between each voltage step (of 100 ms) was included to exclude switching currents. The SrRuO3/
PbZr1-xTixO3/SrRuO3 heterostructure can be understood by considering it to be a structure of 
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Figure C.4.  Room temperature current-voltage re-
sponse of PbZr0.2Ti0.8O3 heterostructures grown on 
various substrates.
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back-to-back Schottky diodes. In this configura-
tion the electrode under reverse bias will dominate 
the leakage characteristics. In turn, in this electrode 
configuration, the negative (positive) bias direction 
represents the leakage characteristic through the 
top (bottom) electrode. From these measurements 
we observe that the heterostructures are highly in-
sulating, an indication of the quality of the epitaxial 
heterostructure. Comparing the characteristics of 
the top- and bottom- electrodes, there is slightly more leakage when the leakage characteristics are 
dominated by the top electrode (than the bottom electrode). This is likely due to the decreased 
quality of the top electrode as a result of the lower growth temperature. Overall the leakage current 
is nearly symmetric compared to electrodes fabricated using elemental metal electrodes [240].
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AppENDIX D 
ADDITIONAL IMAGES OF BAND-EXCITATION 
SWITChING SpECTROSCOpY OF 
pbZr0.2Ti0.8O3 hETEROSTRUCTURES
Included in this section is a subset of the BE-SS (amplitude, phase, loss, and resonance 
frequency) images of homogeneous PbZr0.2Ti0.8O3 Heterostructures. Note that the scan size in all 
images is 2 μm. 
Figure D.1.  Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance frequen-
cy and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales are 
consistent throughout all images.
Amplitude Phase Resonance Loss
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
149
Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure D.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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AppENDIX E 
ADDITIONAL IMAGES OF BAND-EXCITATION 
SWITChING SpECTROSCOpY OF COMpOSITIONALLY-
GRADED (20,80)  hETEROSTRUCTURES
Included in this section is a subset of the BE-SS (amplitude, phase, loss, and resonance fre-
quency) images of compositionally-graded (20,80) heterostructures.  Note that the scan size in all 
images is 1.75 μm. 
Figure E.1.  Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance frequen-
cy and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales are 
consistent throughout all images.
Amplitude Phase Resonance Loss
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
175
Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
185
Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
189
Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure E.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of homogeneous PbZr0.2Ti0.8O3 heterostructures. For all images the scanned area is 2 μm. Note, scales 
are consistent throughout all images.
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AppENDIX F 
ADDITIONAL LOOp ShApE pARAMETERS 
FOR hOMOGENEOUS pbZr0.2Ti0.8O 3 
AND COMpOSITIONALLY-GRADED 
(20,80) hETEROSTRUCTURES
In conducting BE-SS measurements, obtaining useful and insightful data requires the con-
sideration of many factors including: scan size, sample size, applied voltage, number of hysteresis 
loops, tip wear, etc., and in turn, certain measurement parameters have better sensitivity to observe 
certain features of the response. While all measurements show the same fundamental modes of 
response and trends, we conducted multiple measurements of all heterostructures studied with 
slightly diff erent measurement parameters which focused on highlighting certain pertinent fea-
tures. In this appendix, we show the data with the set of scan parameters which makes the trends in 
response most pronounce.
We start our discussion with spatial maps of the minimum saturation piezoresponse ampli-
tude  (a1, Figure F.1a-b), maximum saturation piezoresponse (a2 , Figure F.1c-d), and  rotation angle 
( α, Figure F.1e-f) used to defi ne (a 3) for the homogeneous PbZr0.2Ti 0.8O3 and compositionally-grad-
ed heterostructures. In the homogeneous heterostructures there is evidence of a slight increase in 
a1  (Figure F.1a) and a slight decrease in a2 (Figure F.1c) at or near the a domains compared to the c 
Figure F.1.  Primary loop shape parameter obtained from loop fi tting of a1 the minimum saturation piezoresponse of 
(a) homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostructures. a2 the maximum saturation piezore-
sponse of (c) homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded heterostructures. Rotation angle α used to 
defi ne a 3 of (e) homogeneous PbZr0.2Ti 0.8O3 and (f) compositionally-graded heterostructures.
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domains. Comparatively the compositionally-graded heterostructures show slightly suppressed 
minimum saturation piezoresponse  (a1, Figure F.1b) at or near the a domains; but, shows signifi -
cant enhancement in a2 (Figure F.1d) at the a domains compared to the c domains. Th is is likely 
related to the proposed mechanism of response at these a domains, where there is a diff erence in 
piezoresponse depending on the direction of the applied bias. Now, looking at α (Figure F.1e-f), we 
see an enhancement in the rotation angle at or near the a domains (compared to the c domains) in 
the homogeneous heterostructures; while the compositionally-graded heterostructures show an 
opposite response (slightly suppressed α at or near the a domains).
Now, looking at the b1-4 parameters (Figure F.2a-h) which represent the sharpness of the 
loop corner, starting our discussion with the homogeneous PbZr0.2Ti 0.8O3 heterostructures we see a 
slight suppression in b 1 at or near the a domains (sharper corners), while slight having a slightly 
enhanced b2-4 values (rounder corners) at or near the a domains compared to the c domains.  Over-
all, b1,3 are signifi cantly greater than b2,4, indicating that saturation occurs more gradually than nu-
cleation. In the case of the compositionally-graded heterostructure we observe slight enhancement 
in the b1,3 values at or near the a domains, indicating saturation occurs slightly more gradually at the 
a domains compared to the c domains. A more signifi cant relative enhancement in b2,4 is observed 
at the a domains compared to the c domains. Th is observation, implies that nucleation occurs more 
gradually at the a domains compared to the c domains and is consistent with our proposed switch-
ing/response mechanism which does not require nucleation and growth (commonly associated 
Figure F.2.  Secondary loop shape parameter obtained from loop fi tting of b1 bottom left  corner sharpness of (a) 
homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostructures.  b2 top left  corner sharpness of (c) 
homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded heterostructures.  b3 top right corner sharpness of (e) 
homogeneous PbZr0.2Ti 0.8O3  and (f) compositionally-graded heterostructures. b4 bottom right corner sharpness of (g) 
homogeneous PbZr0.2Ti 0.8O3 and (h) compositionally-graded heterostructures.
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with sharp transitions). Overall, again, as observed in the homogeneous PbZr0.2Ti 0.8O3 heterostruc-
tures, b1,3 are signifi cantly greater than b2,4, indicating that initial switching occurs more rapidly 
than saturation.
Moreover, it is possible to plot the ternary loop shape parameters (Figure F.3a-h) describing 
the rate of transitions between the loop shape curvatures and the curvature midpoints. While these 
parameters are necessary to obtain good fi ts of the piezoelectric loops their physical signifi cance is 
a little bit obtuse. We are currently working on understanding the signifi cance of these parameters.
Figure F.4.  Loop shape parameters obtained from loop fi tting. Optimum rotation angle of (a) homogeneous 
PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostructures. Loop twist of (c) homogeneous PbZr0.2Ti 0.8O3 and 
(d) compositionally-graded heterostructures. Loop height of (e) homogeneous PbZr0.2Ti 0.8O3 and (f) composition-
ally-graded heterostructures. Loop width of (g) homogeneous PbZr0.2Ti 0.8O3 and (h) compositionally-graded hetero-
structures.
Figure F.3.  Tertiary loop shape parameter obtained from loop fi tting. b5 relating to the transition between b1 to b2 of 
(a) homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostructures. b6 relating to the transition between 
b3 to b4 of (c) homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded heterostructures. b7 locates the halfway 
point between the transition from b1 to b2 (e) homogeneous PbZr0.2Ti 0.8O3 and of (f) compositionally-graded hetero-
structures. b8 locates the halfway point between the transition from b3 to b4 of (g) homogeneous PbZr0.2Ti 0.8O3  and (h) 
compositionally-graded heterostructures.
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In addition to the basic loop shape fi tting parameters it is also possible to extract values 
related to the loop shape characteristics. Starting with the optimum rotation angle (Figure F.4a-b), 
which represents the phase shift  necessary to maximize the real component and minimize the 
imaginary component of the piezoelectric hysteresis loop, we observe a slight increase in the opti-
mum rotation angle at the a domains (compared to the c domains) in the homogeneous PbZr0.2Ti 0.8O3 
heterostructures, while there is no spatially correlated variance in the compositionally-graded het-
erostructures. Furthermore, we can calculate the loop twist which is thought to be refl ective of the 
change in electromechanical coupling of the mechanical system composed of the fi lm and the can-
tilever. For the case of the homogeneous PbZr0.2Ti 0.8O3 heterostructures (Figure F.4c) we see strong-
ly enhanced loop twists at, or near, the a domains (compared to the c domains), whereas in the 
compositionally-graded heterostructures (Figure F.4d) we observe no spatially correlated contrast. 
Now focusing on the loop height, of the homogeneous PbZr0.2Ti 0.8O3 heterostructures (Figure F.4e), 
we observe suppressed piezoresponse at or near the in-plane oriented a domains (compared to the 
c domains), an expected result considering the uniformly enhanced piezoresponse observed in the 
c domains throughout the entire switching process. Once again, similar to the observations in the 
main text, we observe the opposite trend in the compositionally-graded heterostructure (Figure 
F.4f), which shows an enhancement in the measured loop height at, or near, the a domains (com-
pared to the c domains). Changing our attention to the loop width, we observe an increased loop 
width in the homogeneous PbZr0.2Ti 0.8O3 heterostructures at, or near, the a domains (compared to 
the c domains), an indication that a larger voltage is needed to generate an out-of-plane response 
at, or near, the in-plane oriented a domains. Once again, we observe the opposite trend in the com-
positionally-graded heterostructures, which reveals a local reduction in the loop width at, or near, 
the a domains. Th is reduction in the loop width at the a domains makes sense as the a domains are 
in an energetic quandary and can be easily excited by external bias. Additionally, based on our 
Figure F.5.  Negative nucleation bias of (a) homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostruc-
tures. Positive nucleation bias of (c) homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded heterostructures.
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switching mechanism to switch the c domains in the out-of-plane direction requires that the a do-
mains respond by changing  shape fi rst. Only once the a domains reach their terminal, high-bias 
state can the c domains switch, necessitating a local reduction in loop width at or near the a do-
mains.
In addition, these fi tted loops can be used to understand the nucleation process in these 
heterostructures. To do this, we can quantify (at each point in the spatial map) the nucleation bias, 
which we defi ne as the voltage where the piezoresponse deviates 3% (of the loop height/piezore-
sponse) from the saturation piezoresponse values (Figure F.5a-d). Looking at these spatial maps, we 
observe that in the homogeneous heterostructures that both the positive (Figure F.5a) and negative 
(Figure F.5c) nucleation bias is slightly suppressed at, or near, the a domain. Th is observation is 
consistent with theories of ferroelectric switching in homogeneous PbZr0.2Ti 0.8O3 heterostructures, 
which has demonstrated that 180° switching preferentially nucleates at, or near, ferroelastic domain 
walls [9]. Similarly, in the compositionally-graded heterostructure we also see a signifi cant reduc-
tion in both the negative (Figure F.5b) and positive (Figure F.5d) nucleation bias at, or near, the a
domains (compared to the c domains). Th e reasons for this reduction in nucleation bias however, 
is not caused by preferential nucleation, but instead, is the result of having a domain in an energet-
ic quandary which can be easily excited to respond (by growing towards the free surface or by try-
ing to be excluded from the fi lm entirely) by the external bias applied to the tip.
Figure F.6.  Spatial maps of the voltage centroid, calculated from the raw piezoelectric hysteresis loop of (a) 
homogeneous PbZr0.2Ti 0.8O3 and (b) compositionally-graded heterostructures; calculated from fi tted loop of (c) 
homogeneous PbZr0.2Ti 0.8O3 and (d) compositionally-graded heterostructures; amplitude centroid, the raw piezoelec-
tric hysteresis loop of (e) homogeneous PbZr0.2Ti 0.8O3 and (f) compositionally-graded heterostructures; calculated 
from fi tted loop of (g) homogeneous PbZr0.2Ti 0.8O3 and (h) compositionally-graded heterostructures.
Voltage Centroid Amplitude Centroid
b
500 nm
GradedOffave+0.3Ec
Offave-0.3Ec
a
500 nm
PbZr0.2Ti0.8O3
A5
A6
A5<A6
d
500 nm
Gradedc
500 nm
PbZr0.2Ti0.8O3
f
500 nm
GradedOffave+0.3Ec
Offave-0.3Ec
Voltage Centroid Fitted Amplitude Centroid Fitted
e
500 nm
PbZr0.2Ti0.8O3
A5
A6
A5<A6
h
500 nm
Gradedg
500 nm
PbZr0.2Ti0.8O3
206
Moving on, we can use the center of mass of the loops to calculate values for the voltage 
(Figure F.6a-d) and amplitude loop centroid (Figure F.6e-h) based on both the raw and fi tted piezo-
electric loop. In all cases the measured centroid based on triangulation and numerical integration 
are nearly indistinguishable, once again confi rming the quality of the loop fi ts. Starting with the 
voltage centroids of the homogeneous PbZr1-xTixO3 heterostructures (Figure F.6a,c) we observe no 
contrast in the image. Th is result is consistent with the measured voltage off set (included in the 
main text), a somewhat related loop shape parameter. In the case of the compositionally-graded 
heterostructures we observe a signifi cant negative shift  at or near the a domains (Figure F.6b,d), 
again consistent with the off set calculated in the main text. Now looking at the amplitude centroid 
for the homogeneous PbZr0.2Ti 0.8O3 (Figure F.6e,f) and compositionally-graded heterostructures 
(Figure F.6g,h) show local enhancement at or near the a domains.
Figure F.7.  Spatial maps of the work of switching, calculated by triangulation of (a) homogeneous PbZr0.2Ti 0.8O3 and 
(b) compositionally-graded heterostructures, and calculated from fi tted loop of (c) homogeneous PbZr0.2Ti 0.8O3 and 
(d) compositionally-graded heterostructures.
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Finally, we can calculate the work of switching (or loop area), using a method based on 
either triangulation of the raw piezoelectric loop or integration of the fi tted loop (Figure F.7a-d). 
Once again, the spatial maps based on triangulation and numerical integration are nearly indistin-
guishable, demonstrating the quality of the fi t. Both the homogeneous PbZr0.2Ti 0.8O3 and composi-
tionally-graded heterostructures show slightly reduced work of switching at or near the a domains 
compared to the c domains.  In the case of the homogeneous PbZr0.2Ti 0.8O3 heterostructure the 
suppressed work of switching at the a domains is primarily the result of largely suppressed piezo-
response. While in the compositionally-graded heterostructures, on the other hand, this similar 
response (i.e. reduction in work of switching at the a domains) is caused by the largely suppressed 
loop width.
207
AppENDIX G 
MIXED-phASE pbTiO3 SWITChING SpECTROSCOpY
Included in this section is a subset of the BE-SS (amplitude, phase, loss, and resonance fre-
quency) images of 100 nm thick mixed-phase PbTiO3 heterostructures grown on SmScO3 (110). 
Note that the scan size of all images is 400 nm.
Figure G.1.  Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance frequen-
cy and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. Note, all 
scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
215
Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure G.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 100 nm thick mixed-phase PbTiO3 heterostructures. For all images the scanned area is 400 nm. 
Note, all scales are consistent throughout all images.
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AppENDIX h 
MIXED-phASE pbTiO3 LOOp ShApE pARAMETERS
In this section we have included preliminary loop fitting results (from the switching spec-
troscopy measurement shown in Appendix G) on 100 nm thick mixed-phase PbTiO3/Ba0.5Sr0.5RuO3 
(15 nm)/SmScO3 (110). All loop fitting results are based on the custom multi-step loop fitting algo-
rithm. The results presented in this section are preliminary and included in this thesis to demon-
strate the methods, methodologies, and typical results. We are currently in the process of opti-
mizing the experimental dataset, loop fitting algorithm, and analysis techniques to aid in deriving 
physical insight from these experiments.  Note, all scanned regions are 400 nm x 400 nm.
Figure h.1.  Multi-step loop fitting result (a1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.2.  Multi-step loop fitting result (a2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.3.  Multi-step loop fitting result (a3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.4.  Multi-step loop fitting result (a4) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.5.  Multi-step loop fitting result (a5) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.6.  Multi-step loop fitting result (a6) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
a6
−5 0 5
0
20
40
60
80
Piezoresponse (A.U.) Voltage (V)
a6
C
ou
nt
s
Pi
ez
or
es
po
ns
e 
(A
.U
.)
−20 0 20
x10-4
227
Figure h.7.  Multi-step loop fitting result (a7) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.8.  Multi-step loop fitting result (b1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.9.  Multi-step loop fitting result (b2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.10.  Multi-step loop fitting result (b3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.11.  Multi-step loop fitting result (b4) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.12.  Multi-step loop fitting result (b5) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.13.  Multi-step loop fitting result (b6) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.14.  Multi-step loop fitting result (b7) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.15. Multi-step loop fitting result (b8) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.16.  Multi-step loop fitting result (b9) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.17.  Multi-step loop fitting result (b10) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
b10
0 1 2 3
0
50
100
150
Curvature (A.U.) Voltage (V)
C
ou
nt
s
Pi
ez
or
es
po
ns
e 
(A
.U
.)
−20 0 20
b10
Figure h.18.  Multi-step loop fitting result (b11) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.19.  Multi-step loop fitting result (b12) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.20.  Multi-step loop fitting result (C1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.21.  Multi-step loop fitting result (C2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.22.  Multi-step loop fitting result (C3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.23.  Multi-step loop fitting result (C4) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.24.  Multi-step loop fitting result (C5) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.25.  Multi-step loop fitting result (C6) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.26.  Multi-step loop fitting result (D1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.27.  Multi-step loop fitting result (D2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.28.  Multi-step loop fitting result (D3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.29.  Multi-step loop fitting result (D4) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.30.  Multi-step loop fitting result (D5) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.31.  Multi-step loop fitting result (D6) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.32.  Multi-step loop fitting result (EL1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.33.  Multi-step loop fitting result (EL2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.34.  Multi-step loop fitting result (EL3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.35.  Multi-step loop fitting result (EU1) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.36.  Multi-step loop fitting result (EU2) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.37.  Multi-step loop fitting result (EU3) of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.38.  Multi-step loop fitting result loop area of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.39.  Multi-step loop fitting result loop height of 100 nm thick mixed-phase PbTiO3 on SmScO3 (110).
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Figure h.40.  Multi-step loop fitting result fraction of lower branch (low transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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Figure h.41.  Multi-step loop fitting result fraction of lower branch (mid transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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Figure h.42.  Multi-step loop fitting result fraction of lower branch (high transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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Figure h.43.  Multi-step loop fitting result fraction of upper branch (low transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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Figure h.44.  Multi-step loop fitting result fraction of upper branch (mid transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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Figure h.45.  Multi-step loop fitting result fraction of upper branch (high transition) of 100 nm thick mixed-phase 
PbTiO3 on SmScO3 (110).
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AppENDIX I 
MIXED-phASE pbZr0.2Ti0.8O3 
SWITChING SpECTROSCOpY
Included in this section is a subset of the BE-SS (amplitude, phase, loss, and resonance 
frequency) images of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures grown on NdScO3
(110). Note that the scan size in all images is 2 μm. 
Figure I.1.  Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance frequen-
cy and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned area is 
2 μm. Note, scales are consistent throughout all images.
Amplitude Phase Resonance Loss
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
265
Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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Amplitude Phase Resonance Loss
Figure I.1. cont. Band-excitation switching spectroscopy image series of amplitude, phase, cantilever resonance fre-
quency and loss of 400 nm thick mixed-phase PbZr0.2T0.8iO3 heterostructures on NdScO3. For all images the scanned 
area is 2 μm. Note, scales are consistent throughout all images.
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AppENDIX J 
MIXED-phASE pbZr0.2Ti0.8O3 LOOp ShApE pARAMETERS
In this section we have included preliminary loop fitting results (from the switching 
spectroscopy measurement shown in Appendix I) on 400 nm thick mixed-phase PbZr0.2Ti0.8O3/
Ba0.5Sr0.5RuO3 (15 nm)/NdScO3 (110). All loop fitting results are based on the single-transition loop 
fitting algorithm. The results presented in this section are preliminary and included in this thesis 
to demonstrate the methods, methodologies, and typical results. We are currently in the process of 
optimizing the experimental dataset, loop fitting algorithm and analysis techniques to aid in deriv-
ing physical insight from these experiments. All scans  sizes are 2 μm.
Figure J.1.  Loop fitting result (a1) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.2.  Loop fitting result (a2) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.3.  Loop fitting result (a3) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.4.  Loop fitting result (b1) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.5.  Loop fitting result (b2) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.6.  Loop fitting result (b3) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.7.  Loop fitting result (b4) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.8.  Loop fitting result (b5) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.9.  Loop fitting result (b6) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.10.  Loop fitting result (b7) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.11.  Loop fitting result (b8) of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 (110).
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Figure J.12.  Loop fitting result negative coercive bias of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on 
NdScO3 (110).
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Figure J.13.  Loop fitting result positive coercive bias of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on 
NdScO3 (110).
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Figure J.14.  Loop fitting result loop height of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 
(110).
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Figure J.15.  Loop fitting result loop width of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 
(110).
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Figure J.16.  Loop fitting result loop area of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 
(110).
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Figure J.17.  Loop fitting result loop twist of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdScO3 
(110).
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Figure J.18.  Loop fitting result optimal rotation angle of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on 
NdScO3 (110).
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Figure J.19.  Loop fitting result voltage centroid of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on Nd-
ScO3 (110).
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Figure J.20.  Loop fitting result amplitude centroid of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on 
NdScO3 (110).
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Figure J.21.  Loop fitting result negative nucleation bias of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures 
on NdScO3 (110).
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Figure J.22.  Loop fitting result positive nucleation bias of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures 
on NdScO3 (110).
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Figure J.23.  Loop fitting result area difference of 400 nm thick mixed-phase PbZr0.2Ti0.8O3 heterostructures on NdS-
cO3 (110).
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AppENDIX K 
MOVIE OF BAND-EXCITATION SWITChING 
SpECTROSCOpY OF pbZr0.2Ti0.8O3 ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy imag-
es of 100 nm thick homogeneous PbZr0.2Ti0.8O3/SrRuO3/GdScO3 heterostructures. File: “Homoge-
neous 2080.avi” available for viewing online.
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AppENDIX L 
MOVIE OF BAND-EXCITATION SWITChING 
SpECTROSCOpY AND pROpOSED SWITChING 
MEChANISM IN pbZr0.2Ti0.8O3 ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy images 
of 100 nm thick homogeneous PbZr0.2Ti0.8O3/SrRuO3/GdScO3 heterostructures with schematic il-
lustrations of the proposed switching mechanisms. File: “BE-SS and Mechansims of Homogeneous 
2080.mov” available for viewing online.
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AppENDIX M 
MOVIE OF BAND-EXCITATION SWITChING 
SpECTROSCOpY OF COMpOSITIONALLY 
GRADED (20,80) ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy images 
of 100 nm thick compositionally-graded (20,80)/SrRuO3/GdScO3 heterostructures. File: “Compo-
sitionallyGradedPZT.avi” available for viewing online.
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AppENDIX N 
MOVIE OF BAND-EXCITATION SWITChING 
SpECTROSCOpY AND pROpOSED SWITChING 
MEChANISM IN COMpOSITIONALLY 
GRADED (20,80) ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy images 
of 100 nm thick compositionally-graded (20,80)/SrRuO3/GdScO3 heterostructures with schematic 
illustrations of the proposed switching mechanisms. File: “BE-SS and Mechansims of Composi-
tionally-Graded 2080.mov” available for viewing online.
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AppENDIX O 
MOVIE OF BAND-EXCITATION SWITChING 
SpECTROSCOpY OF MIXED-phASE pbTiO3 ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy im-
ages of 100 nm thick mixed-phase PbTiO3/Ba0.5Sr0.5RuO3/SmScO3 heterostructures. File: “Mixed-
PhasePbTiO3.avi” available for viewing online.
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AppENDIX p 
MOVIE OF BAND-EXCITATION 
SWITChING SpECTROSCOpY OF MIXED-
phASE pbZr0.2Ti0.8O3 ThIN FILMS
Movie showing the raw SHO-fitted band-excitation piezoresponse force microscopy images 
of 400 nm thick mixed-phase PbZr0.2Ti0.8O3/Ba0.5Sr0.5RuO3/NdScO3 heterostructures. File: “Mixed-
PhasePZT.avi” available for viewing online.
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